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Naucénom veéu
Instituta za fiziku u Beogradu
Pregrevica 118, Zemun

Predmet: Misljenje rukovodioca projekta o reizboru Nenada Selakovi¢a u
zvanje istraziva¢ saradnik

Nenad Selakovi¢ je angazovan na projektu 1141011 Primene
niskotemperatursnih  plazmi u biomedicini, =zastiti covekove okoline i
nanotehnologijama. 2011. godine upisao je doktorske studije na Fizickom fakultetu
Univerziteta u Beogradu - smer Fizika jonizovanog gasa, plazme i tehnologije
plazme.

Kolega Selakovi¢ je, do sada, publikovao cetiri rada u medunarodnim
Casopisima, tri kategorije My; 1 jedan kategorije Mas, @ i njegova istrazivanja su
publikovana na velikom broju medunarodnih konferencija.

Kako kandidat Nenad Selakovi¢, zadovoljava sve formalne 1 sustinske uslove
koji su potrebni za reizbor u zvanje istrazivac saradnik, kako od strane Ministarstva
za nauku, tako 1 od strane Instituta za fiziku u Beogradu, saglasna sam sa
pokretanjem postupka za njegov reizbor u zvanje istrazivac saradnik.

Predlazem komisiju u sastavu:

1. Dr Nevena Puag, naucni savetnik Instituta za Fiziku, Beograd

2. Dr Gordana Malovi¢, naucni savetnik Instituta za Fiziku, Beograd

3. Prof. dr Srdan Bukvi¢, redovni profesor Fizi€kog fakulteta Univerziteta u
Beogradu

S postovanjem U Beogradu 14.7.2017.
A,
Mo~

Dr Nevena Puac
Rukovodilac projekta 11141011



Biografija kandidata

Nenad Selakovi¢ je roden u Beogradu 14.11.1981. godine. Pohadao je Tehnicku Skolu “Petar
Drapsin*.

Fizicki fakultet je zavrSio u Beogradu 2011. godine odbranom diplomskog rada na temu
,Elektri¢na karakterizacija i prostorno-vremenski razlozena merenja atmosferskog praznjenja u
rezimu plazma metka”. Diplomski rad je uradio pod mentorstvom dr Gordane Malovi¢ i dr
Nevene Pua¢ u Laboratoriji za gasnu elektroniku pod rukovodstvom dr Zorana Lj. Petrovica.
Dobitnik je nagrade “Prof. dr Ljubomir Cirkovi¢” za najbolji diplomski rad odbranjen u periodu
2010/2011. Krajem 2011. godine upisuje doktorske studije na Fizickom fakultetu Univerziteta u
Beogradu — smer: Fizika jonizovanog gasa, plazme i tehnologija plazme i poloZio je sve ispite
potrebne za redovan upis trece godine studija sa prose¢nom ocenom 10.00.

Nenad Selakovi¢ je od 31.12.2011. godine zaposlen u Laboratoriji za gasnu elektroniku
Instituta za fiziku, kao istraziva¢ - pripravnik na projektu 11141011 "Primene niskotemperaturnih
plazmi u biomedicini, zastiti covekove okoline i nanotehnologijama" u okviru Centra izuzetnih
vrednosti za primenu plazme u nanotehnologijama, biomedicini i ekologiji.

Nenad Selakovi¢ je do sada publikovao 3 nau¢na rada u vrhunskim medunarodnim
Casopisima (M321) i jedan rad u medunarodnom casopisu (M23). Rezultati njegovih istrazivanja
prezentovani su na velikom broju medunarodnih konferencija.



Objavljeni radovi kandidata

RAD U VRHUNSKOM MEBDUNARODNOM CASOPISU M21

1. N. Puag, S. Zivkovié, N. Selakovié¢, M. Milutinovi¢, J. Boljevié, G. Malovi¢,
and Z. L. Petrovi¢, “Long and short term effects of plasma treatment on
meristematic plant cells”, Applied Phyics. Letters, vol. 104 br. 21, p. 214106,
2014. DOI: 10.1063/1.4880360

2. D. Maleti¢, N. Puac, N. Selakovi¢, S. Lazovi¢, G. Malovi¢, A. Djordjevi¢ and
Z: 1. Petrovi¢, " Time-resolved optical emission imaging of an atmospheric
plasma jet for different electrode positions with a constant electrode gap”,
Plasma Sources Science & Technology, vol. 24 br. 2, 2015. DOI:
10.1088/0963-0252/24/2/025006

3. A. Zeniou, N. Puag, N. Skoro, N. Selakovi¢, P. Dimitrakellis, E. Gogolides
and Z. Lj. Petrovi¢, "Electrical and Optical Characterization of an
Atmospheric Pressure, Uniform, Large-Area Processing, Dielectric Barrier
Discharge”, Journal of Physics D, vol. 50 br. 13, 2017. DOI: 10.1088/1361-
6463/aa5d69

RAD U MEPUNARODNOM CASOPISU M23

4. J. Cech, A. Brablec, M. Cerndk, N. Pua¢, N. Selakovi¢, and Z. Lj. Petrovié,
Mass spectrometry of diffuse coplanar surface barrier discharge: influence of
discharge frequency and oxygen content in N2/0O2 mixture, European
Physical Journal D, vol. 71 br. 2, 2017. DOI: 10.1140/epjd/e2016-70607-5

SAOPSTENJE SA MEPUNARODNOG SKUPA STAMPANO U CELINI M33

1. S. Lazovi¢, N. Puac, S. Zivkovié, S. Jevremovi¢, D. Maleti¢, N. Selakovlé,
G. Malovie, J. Kovae, T. Filipie, M. Mozeti¢, U. Cvelbar, and Z. Lj. Petrovic,
“Properties and bio-medical applications of non-thermal”, 69" luvsta
Workshop On Oxidation Of Organic Materials By Excited Radicals Created In
Non-Equilibrium Gaseous Plasma, December 9" December 13™ 2011, Crklje
na Gorenjeskem, Slovenia.

2. N. Selakovi¢, D. Maleti¢, N. Puac, S. Lazovi¢, G. Malovi¢, A. Dordevi¢ and
Zoran Lj. Petrovi¢, “Axial Profiles Of Plasma Bullet”, 26th Summer School
And International Symposium On The Physics Of lonized Gases, August 27"
- 31%, Zrenjanin, Serbia.

3. N. Selakovié, N. Pua¢, M. Mileti¢, 1. Zivanovi¢, 1. Dakié¢, G.Malovié,
D. Vukovi¢ and Z. Lj. Petrovi¢, "Methicilin resistant staphylococcus aureus
inhibition areas obtained by a plasma needle treatment”, 27th Summer School
and International Symposium on the Physics of lonized Gases (SPIG), August
26" - 20" 2014., Belgrade, Serbia.



4.

N. Selakovi¢, N. Puac, N. Gligorijevi¢,M. Cavi¢, G.Malovi¢, R.Jankovié,
S. Radulovi¢ and Z. Lj. Petrovi¢, "Low temperatura plasma needle reduces the
survival of cancer cells", 28th Summer School and International Symposium
on the Physics of lonized Gases (SPIG), August 29" - September 2" 2016,
Belgrade, Serbia.

SAOPSTENJE SA MEPUNARODNOG SKUPA STAMPANO U 1ZVODU M34

5.

10.

11.

12.

D. Maleti¢, N. Pua¢, N. Selakovié, S. Lazovi¢, G. Malovi¢, A. Pordevi¢ and
Z. 1j. Petrovi¢, ““ Time-resolved images of plasma bullet for different
electrode geometries” ESCAMPIG XXI, , July 10™-14™ 2012. Viana do
Castelo, Portugal.

D. Maletic, M. Mileti¢, N. Puaé, N. Selakovi¢, S. Lazovi¢, D. Vukovié,
P. Milenkovi¢, G. Malovi¢ and Z. Lj. Petrovi¢, “Plasma needle treatment of
Staphylococcus Aureus (ATCC 25923) biofilms™, 4th International Conference
on Plasma Medicine, June 17" - 21™ 2012., Orléans, France.

N. Selakovi¢, D. Maleti¢, S. Lazovi¢, N. Puac, , G. Malovi¢, Z. Lj. Petrovi¢
Mass spectroscopy investigation of an atmospheric pressure plasma bullet,
CESPC, August 25™-29", 2013., Balatonalmadi, Hungary.

N. Selakovi¢, N. Puac¢, D. Maleti¢, G. Malovi¢, Z. Lj. Petrovi¢, "Time resolved
mass spectrometry of positive ions originated from atmospheric-pressure
plasma jet" Bulletin of the American Physical Society, 2013. Princeton, USA.

N. Puag, S. Zivkovié, N. Selakovi¢, M. Milutinovié, J. Boljevi¢, G. Malovié,
and Z. Lj. Petrovi¢, "Application of atmospheric plasma sources in growth
and differentiation of plant and mammalian stem cells", 67th Annual Gaseous
Electronics Conference, November 2™ - 7" 2014. Raleigh, North Carolina,
USA. (predavanje po pozivu)

A. Stancampiano, M. Gherardi, V. Colombo, N. Selakovi¢, N. Pua¢ and Z. L.
Petrovi¢, "Mass spectroscopy and ICCD analysis of coupled and uncoupled
mode in a Gatling-gun like plasma source”, The 42nd IEEE International
Conference on Plasma Science (ICOPS), May 24™ - 28" 2015., Antalya,
Turkey.

N. Selakovié, J. Stasi¢, N. Puac, M. Mileti¢, V. Mileti¢, G. Malovi¢ and Z. L.
Petrovi¢, "Modification of the dentin surface of human teeth by atmospheric
pressure plasma needle”, XXIII Escampig, July 12"-16", 2016, Bratislava,
Slovakia.

N. Selakovi¢, J. Vora¢, N. Pua¢, G. Malovi¢, P. Dvorak and Z. Lj. Petrovic,
"Influence of humidity on formation of pulsed atmospheric pressure plasma
streamers”, XXXIII International Conference on Phenomena in lonized Gases,
ICPIG, July 9" - 14™ 2017., Estoril, Portugal.
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Naué¢na aktivnost kandidata

Nenad Selakovi¢ je angazovan na projektu 11141011 "Primene niskotemperaturnih plazmi u
biomedicini, zastiti covekove okoline i nanotehnologijama", pod rukovodstvom dr Nevene Puac,
finansiranim od strane Ministarstva za prosvetu, nauku i tehnoloski razvoj Republike Srbije.

Naucna delatnost i doprinos kandidata vezana su za proucavanje i primenu praznjenja koja
rade na atmosferskom pritisku. Njegov diplomski rad bio je posvecen elektricnoj karakterizaciji i
prostorno-vremenski razlozenim snimcima atmosferskog plazma dzeta. Kandidat Selakovi¢ je u
okviru svog diplomskog rada odredivao strujno-naponske karakteristike plazma dZeta, kao i
snagu predatu plazmi. Opticka emisiona spektroskopija ovog sistema je uradena pomocu brze
ICCD kamere. Dobijeni su prostorno-vremenski razloZeni snimci iz kojih se vidi da plazma nije
kontinualna ve¢ da se sastoji iz paketa plazme. Cilj diplomskog rada je bio da se pomocu
sistematskih, dobro definisanih merenja precizno odrede parametri plazme i njene karakteristike
za Sto lakSu primenu u tretmanima.

Nakon diplomiranja nastavio je rad na proucavanju plazma dzeta i pored ve¢ pomenutih
dijagnostika prosirio je aktivnost na maseno-energijsku analizu plazma izvora pomoc¢u masenog
spektrometra HIDEN HPR60. Ovaj maseni spektrometar je karakteristiCan po tome §to radi na
atmosferskom pritisku i omogucava karakterizaciju atmosferskih plazmi. Merenja obuhvataju
snimanje masenih spektara neutrala i jona kao i spektara dobijenih menjanjem energije elektrona
u jonizacionom izvoru samog uredaja. Takode, posto je ustanovljeno da se plazma ne prostire
kontinualno ve¢ u obliku plazma paketa radi¢e se i vremenski razloZeno snimanje neutrala i jona
iz plazme. Ova analiza se vrsi sa ciljem nalazenja optimalnih parametara pogodnih za tretman
razli¢itih vrsta uzoraka. Jedan od klju¢nih parametara svakako jesu koncentracije radikala i
molekula formiranih u samoj plazmi. Merenja ¢e da se vrSe za razli¢ite uslove rada ovog plazma
izvora. Oc¢ekujemo da ¢e dalja istrazivanja u ovom smeru dovesti do boljeg razumevanja veze
izmedu elektri¢nih karakteristika praznjenja i hemijskih procesa u plazmi, a samim tim ¢e se
otvoriti nove mogucénosti primena atmosferskih niskotemperaturnih neravnoteznih plazmi.

Pored dijagnostike plazma dZeta kandidat ucestvuje 1 u istraZzivanjima uticaja plazme na:
meristemske ¢elije biljaka - kalusa (u saradnji sa BioloSkim institutom “Sini$a Stankovi¢”); gram
pozitivnih i gram negativnih bakterija (u saradnji sa Institutom za Mikrobiologiju i imunologiju i
Stomatoloskim fakultetom u Beogradu) koriS¢enjem plazma igle.

U daljem radu kandidat je prosirio delatnost primene plazma igle gde se pomenuti izvor
atmosferskog praznjenja koristi za modifikaciju strukture ljudskog dentina (u saradnji s
kolegama sa Stomatoloskog fakulteta) i u redukciji rezistivnih kancerogenih ¢elija pluca i grli¢a
materice (u saradnji s kolegama sa Instituta za onkologiju i radiologiju). U proteklom periodu
kolega Nenad Selakovi¢ je zajedno s kolegama iz Laboratorije za gasnu elektroniku ostvario
saradnju sa kolegama iz inostranstva (Gréka, Ceska i Italija). Iz tih saradnji proisteklo je
nekoliko publikacija u medunarodnim Casopisima i na medunarodnim konferencijama. U toku je
finalizovanje jos$ nekoliko radova koji ¢e biti objavljeni u medunarodnim casopisima a proistekli
su iz ovih saradnji. Takode, kandidat je ucestvovao u radu COST akcije TD1208 Plasmas in
Lyquids i u okviru nje je posetio Masaryk Univeryitet u Brnu gde su izvrSena merenja
koncentracije OH radikala u praznjenju plamza dzeta.
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Long and short term effects of plasma treatment on meristematic plant cells

N. Puag,' S. Zivkovié,? N. Selakovié," M. Milutinovié,? J. Boljevié,? G. Malovig,"

and Z. Lj. Petrovi¢'

Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
2Institute for Biological Research “Sinisa Stankovi¢,” University of Belgrade, Bulevar despota Stefana 142,

11060 Belgrade, Serbia

(Received 23 February 2014; accepted 16 May 2014; published online 30 May 2014)

In this paper, we will present results of plasma treatments of meristematic cells of Daucus carota.
Plasma needle was used as an atmospheric pressure/gas composition source of non-equilibrium
plasma in all treatments. Activity of antioxidant enzymes superoxide dismutase and catalase was
measured immediately after plasma treatment and after two weeks following the treatment.
Superoxide dismutase activity was increased in samples immediately after the plasma treatment.
On the other hand, catalase activity was much higher in treated samples when measured two weeks
after plasma treatment. These results show that there is a direct proof of the triggering of signal
transduction in the cells by two reactive oxygen species H,O, and O, ", causing enzyme activity
and short and long term effects even during the growth of calli, where the information is passed to
newborn cells over the period of two weeks. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4880360]

In the last decade, the expansion of the plasma medicine
and its demand for in-vivo treatments resulted in fast devel-
opment of various plasma devices that operate at atmos-
pheric pressure. It is much more difficult to achieve
non-equilibrium (non-thermal) mode of operation (as
opposed to the thermal mode) at atmospheric pressures.
Nevertheless, nonequilibrium operation is essential for treat-
ment of biological samples for a number of reasons. For
example, temperature of the tissue treated by plasma has
to be kept below the threshold for the denaturation of the
proteins. Another demand is that atmospheric plasma sources
have to be able to do precise and localized treatments. This
is so since some of the reactive species which have beneficial
effects in small doses (as low as a single molecule serving as
a trigger) may have very harmful effect in larger quantities.

In spite of difficulties to achieve nonequilibrium opera-
tion, numerous atmospheric pressure plasma sources fulfill
all demands for application on biological samples. So far,
atmospheric pressure discharges (APPD) were used for steri-
lization,' treatment of wounds,” improved blood coagula-
tion,> treatments of skin,* treatment of cancer,’ etc.

One of the sources that meet all the requirements needed
for treatment of biological material is plasma needle. This
device was first described by Stoffels and coworkers,® and it
has been used to induce apoptosis and necrosis of cultured
eukaryotic (:ells,7 bovine aortic endothelial cells,6 or human
(epithelial cells—MRG65 cells originating from non-small
cell lung carcinoma (NSCLC)S) tissues.

We have developed a somewhat improved version of this
device and used it for sterilization of planctonic samples of
bacteria, MRSA biofilm, for improved differentiation of
human periodontal stem cells into osteogenic line and for
treatment of plant meristematic cells.”'® The derivative probe
measurements of power delivered to the plasma and mass
spectrometry of the plasma generated by the needle have
already been presented in our previous work.'""'? Plasma nee-
dle generates reactive oxygen species (ROS) and reactive

0003-6951/2014/104(21)/214106/5/$30.00
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nitrogen species (RNS) radicals like N, O, O3, OH, and NO
that strongly affect metabolism of living cells. One of the
open issues is to correlate external plasma products (electrons,
ions, RNS, ROS, photons, strong fields, etc.) with the immedi-
ate internal response which triggers or induces effects in the
living cell. For that purpose, we study the kinetics of two
enzymes which are typical indicators of the identity of reac-
tive species from the plasma created environment that can
trigger signal transduction in the cell and ensue cell activity.

In plants, ROS are always formed by the inevitable
attachment of electrons to O, from the electron transport
activities of chloroplasts, mitochondria, and plasma mem-
branes or as a byproduct of various metabolic pathways
localized in different cellular compartments.'>~'> All ROS
are extremely harmful to organisms at high concentrations.
When the level of ROS exceeds the defense mechanisms, a
cell is said to be in a state of “oxidative stress.” In order to
avoid the damage caused by ROS, plants have evolved mo-
lecular defense systems that both limit the formation of ROS
and promote its removal.'® The plant enzymatic defenses
include antioxidant enzymes, such as the phenol peroxidase
(POX), ascorbate peroxidase (APX), glutathione peroxidase,
(GPX), superoxide dismutase (SOD), and catalase (CAT),
which together with other enzymes of the ascorbate—
glutathione cycle promote the scavenging of ROS."”

In this paper, we will show results for the SOD and
CAT activity in the Daucus carota calli cells immediately
after the plasma treatment and two weeks after the treatment.
SOD is considered to be the first line of defense against
ROS."™® It catalyzes the dismutation of O, to H,O, and mo-
lecular oxygen. CAT is present in the peroxisomes of nearly
all aerobic cells, and, to a lesser extent, in mitochondria."® Tt
serves as protection of the cell from H,0, by catalyzing its
decomposition into O, and H,0.?° Thus, both serve as good
markers of internal chemical effects of the external plasma
products and may also inspire similar procedures in animal
and in human cells as well as for the bacteria.

© 2014 AIP Publishing LLC
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For plasma treatment of calli, we have used plasma nee-
dle which is powered by sinusoidal signal at 13.56 MHz
radio-frequency (RF). Construction and diagnostics of this
device are described in more detail in Refs. 11 and 12. We
have used helium as the working gas and the flow was 1
standard liter per minute (slm). As the working gas mixes
with the air from the surrounding atmosphere, free radicals
are generated within the plasma, such as reactive oxygen,
nitrogen, nitrogen oxides, and ozone. The yields that were
obtained for H,O, and O, were 0.03% and 7.2%, respec-
tively, in the helium flow of 1 slm while O, was detected
but no quantitative measurements could be made so far.
Electrical circuit that supplies plasma needle consisted of
signal generator which provided sine wave signal at RF fre-
quency. This signal was amplified through a linear amplifier.
We have used home-made derivative probes for measure-
ment of the mean power transmitted to the plasma.

The embryogenic calli cultures of carrot (Daucus
carota) were established from storage root explants and
maintained on solid MS medium?' supplemented with 2,
4-dichlorphenoxyacetic acid (2.4-D, 1.0mg1™"). Calli sam-
ples (10-30mg) were placed in 96 wells micro-titer plate.
The distance between the edge of the well and glass tube
was 0.5 mm in all treatments. Well diameter was larger than
diameter of the glass tube by 0.5 mm. Also, tip of the needle
is located 1.5 mm outside the glass tube thus created plasma
was in a mixture of helium and ambient air. During all
experiments, plasma was covering whole surface of the sam-
ples and average distance between the needle and the culture
surface was 4 mm. Culture was attached to the gel environ-
ment placed at the bottom of the micro titter plates. The
treatment times were 10, 30, 60, and 120s at two powers of
04W and 1.6W. Control calli samples were kept in
micro-titer plate during the experimental procedure to ensure
equal treatment conditions. Samples were also subjected to
the treatment of only helium flow without the discharge with
the exposure time of 120s in order to determine whether
helium flow affects the samples. After the treatment, calli
were immediately frozen in liquid nitrogen and kept at
—70°C until use, or continuously cultured on fresh basal MS
medium without plant growth regulators for 2 weeks before
use. Plant tissue was grinded to a fine powder, and proteins
were extracted in 100mM potassium-phosphate buffer
(pH = 6.5) supplemented with protease inhibitor cocktail for
plant tissue extracts and 5mM ascorbate. Protein content
was determined according to Bradford (1976) using bovine
serum albumin as a standard®® and separated by native
PAGE. The protein amounts applied to each well for the
measurements of enzyme activity were 30 ug. Gels were
stained for CAT activity as in Ref. 23. SOD activity (in units
of enzyme activity mg~'soluble protein) was determined as
in Ref. 24.

ROS that include hydroxyl radicals (OH-), superoxide
anion (O, ), and hydrogen peroxide (H,O,) are produced
during normal cellular functioning. Under standard condi-
tions antioxidant systems of the cell minimize the perturba-
tions caused by ROS. If ROS generation is increased either
externally outside the cell or internally, the result of this
imbalance is oxidative stress.”>*’ Aerobic organisms
evolved defenses that include both non-enzymatic and
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enzymatic antioxidants in order to minimize the damaging
effects of ROS.*"*® Because ROS are toxic, but also partici-
pate in signaling events, plant cell requires at least two
different mechanisms to regulate their intracellular concen-
tration by scavenging the ROS: one that will enable the fine
modulation of low levels of ROS for signaling purposes and
one that will enable the detoxification of excess ROS, espe-
cially during stress.”’ Major ROS scavenging mechanisms of
plants include SOD, CAT, and different types of peroxi-
dases. Their role is to directly scavenge superfluous amounts
of the ROS created inside the cell or coming into the cell
from the outside source. The SOD scavenges super oxide
anion catalyzing its dismutation to hydrogen peroxide, while
CAT reduces hydrogen peroxide to water.’® Figure 1 shows
the reaction paths inside the cell for the SOD and CAT.

We can see that the first enzyme that is usually
employed in the cell defense is SOD followed then by the
catalase that is responsible for the destruction of the products
coming from the reactions involving SOD enzyme. We have
measured activity of the SOD and CAT immediately after
the plasma treatment and two weeks after the treatment. The
analysis for the SOD activity performed immediately after
the plasma treatment (Figure 2(a)) showed that enzyme
activity of the carrot calli for the treatments with 0.4 W
plasma did not alter significantly compared to the control
samples. On the other hand, enzyme activity increased grad-
ually with the treatment time for the higher power of 1.6 W.
The highest SOD activity was observed for the treatment
time of 120s. Increase in the enzyme activity implies that
more superoxide anions are present inside the cell and that
calli cells are under oxidative stress. In order to cope with
the elevated level of ROS antioxidants mechanisms in carrot
calli had been triggered and enzyme activity was correlated
with the stress level.

Scavengers

ROS ROS elimination

\

Enzymes
Vitamin A, C, E
Carotenoids
Flavonoids
GSH

!

| ROS |>| Antioxidant Defense |=

Oxidative
stress

H20

FIG. 1. The sources and cellular responses to ROS. Oxidants are generated
as a result of normal intracellular metabolism in mitochondria and chloro-
plast, as well as from enzyme systems. A sophisticated enzymatic and non-
enzymatic antioxidant defense system, including CAT, SOD, peroxidases
(Px), and glutathione (GSH), counteracts and regulates overall ROS levels
to maintain physiological homeostasis. When ROS production exceeds anti-
oxidant defenses, oxidative stress occurs.
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FIG. 2. SOD activity of carrot calli measured immediately (a) or two weeks
after plasma treatment (b). Values are means * SE obtained from two inde-
pendent experiments. The asterisk represents statistical significance in com-
parison with control value (*p < 0.05 and **p < 0.01).

SOD activity in carrot calli after continuous two weeks
growth showed much lower values (~2 fold), confirming
that under non-stressful conditions the antioxidant defense
system provides adequate protection against ROS (Figure
2(b)). Nevertheless, in two weeks grown calli SOD activity
retained higher levels in comparison to control with a clear
plasma power dependence. Comparison of SOD activity in
calli cells immediately after the plasma treatment and two
weeks after the treatment illustrates the importance of SOD
for antioxidant defense of plants under excessive stress
conditions.

The explanation for elevated levels of the SOD activity
immediately after the plasma treatment can be found in the
presence of the radicals and ions delivered by the plasma to
the cell membrane. The oxygenation of the tissue was al-
ready observed in treatment of cancer cell.’’ The triplet state
of molecular oxygen is not a highly reactive species when it
comes to chemical pathways inside the cells. On the other
hand, singlet oxygen molecule (]AgOz) more easily reacts
with other species forming superoxide anion. In case when
plasma is present, the concentration of the singlet delta oxy-
gen (SDO) molecules is especially increased. Atmospheric
plasmas are known as a good source of the singlet delta oxy-
gen species.32 When comparing atmospheric sources, it is
shown that those operating at RF frequencies, like plasma
needle, are much more efficient in production of SDO than
the kHz sources.*® The production of the singlet delta oxy-
gen molecules is also more efficient with an increase of the
power transmitted to the discharge.>® This coincides with an
increased activity of SOD for the higher power of 1.6 W.
Apart from the singlet oxygen molecules in plasma, we have
negative ions present including the superoxide ion. Its
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contribution should not be neglected even though concentra-
tion of O, reaching the surface of the sample is quite low.
The reader has to have in mind that we are here neglecting
whole cocktail of species created in plasma and concentrat-
ing only on these two types of species since SOD is involved
only in the reactions including O, .

The product of the SOD catalytic reaction inside the
cells is hydrogen peroxide. This molecule is lately recog-
nized as signaling molecule in the chemical pathways of the
cell,”® but mainly, in higher concentration, it is highly dan-
gerous and leads to cell damage and consequently in cell
death. The reactivity of H,O, is the result of its reduction by
metal ions to form the highly reactive hydroxyl radical.**
Hydrogen peroxide is a participant in a number of reactions,
and it is capable of diffusing across membranes.” This
means that H,O, created in the plasma also has significant
influence on the hydrogen peroxide balance inside the calli
cells. CAT is one of the most active enzymes which decom-
pose hydrogen peroxide molecules at extremely rapid rate.
Another important point is that, depending on the concentra-
tion of H,O,, different reactions are activated. Hydrogen
peroxide is decomposed by oxidizing some of the hydrogen
donors inside the cell (e.g., ethanol, ascorbic acid) at lower
concentrations. This is done through the reaction:
RH; 4+ H,O, — R +2H,0.. In case of higher concentrations
of H,O, molecules, CAT decomposes it in a pure catalytic
reaction: 2H,0, — O, + 2H,0. Catalase is unique among
H,0,-degrading enzymes in that it can degrade H,O, with-
out consuming cellular reducing equivalents. Hence, catalase
provides the cell with a very energy-efficient mechanism to
remove H,O,. Therefore, when cells are stressed for energy
and are rapidly generating H,O, through “emergency” cata-
bolic processes, H,0O, is degraded by catalase in an
energy-efficient manner.>®

In this study, CAT activity was measured immediately
after the plasma treatment (see Figure 3(a)) and in the carrot
calli that were grown within two weeks after the treatment
(Figure 3(b)). The CAT activity increased when compared to
the control samples, but we could not obtain a clear picture
about its dependence on the applied power or treatment time.
In our experiments, we have measured enzyme activity
shortly after plasma treatment. 1-2 min after the treatment
samples were frozen in liquid nitrogen and prepared for
measurements. We assume that this time was not enough for
the enzyme to react adequately. Especially in the case of the
CAT which is the second in line and it is activated after the
SOD enzyme. Evidently, it is necessary to evaluate the activ-
ity of these enzymes in a period of few hours after the
plasma treatment.

However, CAT activity in calli samples that were grown
for two weeks increased gradually with the increment of
plasma power and time of treatment exhibiting 1.5 fold
higher values in comparison with CAT activity measured in
calli samples immediately after the plasma treatment. This
means that in the treated cells, even two weeks later, the lev-
els of H,O, are elevated compared to the control samples.
This long term effect of plasma could be explained by the
increase in the morphogenic potential of the directly treated
cells.’’ ™ The increase in the morphogenic potential may
be through the activation of some section in the DNA



214106-4 Puac et al.
I T I T T I T I T I
400 04 W 7
] @ L 18w ]
300 _

(b) | 04W It .

Relative band volume per mg of protein

30 60 120 10
Time [s]

30 60 120

FIG. 3. Catalase activity of carrot calli measured immediately (a) or two
weeks after plasma treatment (b). The band volume was recorded using den-
sitometric analysis. Data were normalized using control signal. Values are
means = SE obtained from three independent experiments. The asterisk rep-
resents statistical significance in comparison with control (¥p <0.05 and
*#p < 0.01).

responsible for the proliferation and/or somatic embryogene-
sis (SE) of the cells. An increasing number of publications
correlate ROS and SE. Kairong and coworkers suggested
that plant SE is a special cell differentiation process and
established a link or “partial overlapping” of ROS and cell
differentiation.*’

Until now, we have shown that plasma has significant
influence on several types of cells and bacteria. The effect of
the treatment was investigated up to few days after the
plasma treatment. This was the case for all studies: stem cell
differentiation potential10 and sterilization.” So far, the only
long term effects were the increase of the fresh weight of the
treated Fritillaria imperialis calli.'' At the same time, the
whole field in general is seeking means to connect the exter-
nal agents produced by plasma to the intracellular events,
agents, and triggering mechanisms. In this paper, we have
presented results of enzyme activity that provides direct link
between the external ROS and the activity of enzymes inside
the cell.

The observable effects on enzymes were obtained immedi-
ately after the plasma treatment and also after a delay of two
weeks. The SOD activity, while still being considerably greater
than the activity in untreated cells, decreased after two weeks
compared to the activity immediately after the treatment. The
presence of increased densities of ROS may lead both to an
increase or decrease of the enzymes. A decrease happens when
the response of the living cell cannot keep up with an increased
intake of ROS and in that case the survival of the cell is endan-
gered. On the other hand, an increase may mean that, triggered
by the ROS, production of enzymes is increased and final con-
centration is not under control of enzymes.

Appl. Phys. Lett. 104, 214106 (2014)

CAT activity was significantly increased in the samples
in the period of two weeks following the treatment. This
long term plasma effect due to exposure to the ROS and
RNS generated by plasma on the treated meristematic cells
is consistent with the previously observed increase of the
morphogenic potential of cells.*'*** One should bear in mind
that the observed increases over long term period are signifi-
cant as the recorded values are always normalized to the
mass of the growing calli (per mg of the protein isolated
from the samples).

This paper provides a clear indication of the two facts: it
is possible to associate increased activities inside the cell to
the external plasma and one may claim a proof that at least
H,O, and O, may pass through the cell membrane and
induce a chain of events inside. In addition, some long term
effects of plasma treatment on the cells in growing cultures
have been observed where most likely triggering by ROS
induces cell response and higher enzyme activity.

This study was supported by Grant Nos. 11141011,
ON171037, and ON173024, Ministry of Education, Science
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The aim of this paper is to determine the influence of the position of the electrodes on the
range of a plasma jet, for specific experimental conditions, by using time-resolved optical
emission spectroscopy. The optimal position of the electrodes is determined for a fixed gas
flow rate and applied excitation voltage. We characterize the helium plasma jet for different
distances from the end of the glass tube, showing detailed results for four different electrode
positions from the jet nozzle (7, 15, 30 and 50 mm). It was found that at the distance of 15 mm,
the length of the plasma jet is at its maximum. The highest speeds of the plasma package
travelling outside the glass tube of the atmospheric plasma jet are obtained for the same
electrode configuration (15 mm from the jet nozzle). With the electrodes positioned at smaller
distances from the nozzle, the plasma plume was much shorter, and at the larger distances the

plasma did not even leave the glass tube.

Keywords: plasma jet, ICCD, time resolved, optical emission spectroscopy

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

1. Introduction

Interest in plasma jets that operate at atmospheric pressure
has been increasing in research literature in the last decade
because of possible applications and also because of their
unique characteristics and interesting physics. The most
important characteristic of these atmospheric pressure plasma
jets (APPJs) is low gas and ion temperature and abundant
plasma chemistry. Atmospheric plasma jets produce relatively
high concentrations of reactive chemical species, such as
atomic oxygen and nitrogen, OH radicals, NO, and ozone [1].

It is important to understand plasma jets because of
their wide range of possible application in the new, fast
developing field of plasma medicine [2] and treatment of
organic materials [3]. In stomatology, plasma was used

0963-0252/15/025006+09%$33.00

in the removal of biofilms of bacteria responsible for the
formation of dental plaque and caries [4—7] and also for the
sterilization of bacteria responsible for periodontitis [8,9].
Plasma sterilization of surgical instruments and heat sensitive
implants [10, 11] is more efficient than using classical methods
such as thermal and chemical sterilization. It is shown that
the plasma can also accelerate blood coagulation, speeding up
wound healing. It can also kill and remove cancer cells [2, 12—
14]. Because of the fungicidal and antimicrobial properties of
plasmas, low temperature plasmas may be used in dermatology
for healing some chronic skin diseases that are non-sensitive
to standard drugs [15].

Some of the pioneering work in the field has been done
using a plasma needle, which, although it appears to be similar
to plasma jets, has a different electrode configuration [3] and

© 2015 IOP Publishing Ltd  Printed in the UK
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regime of operation. Still, a large, perhaps even the largest,
percentage of activities in plasma medicine are currently
based on plasma jets. Many authors have reported results
obtained by using various types of plasma jets. These jets
can be divided into several groups using several criteria:
operating gas, excitation frequency, type of excitation signal,
electrode type and geometry. A noble gas, such as helium
or argon, is usually used as the operating gas [16,17] to
reduce the breakdown voltage. Gas mixtures were used in
order to control the concentration of desirable active species.
Usually a small amount (~1%) of oxygen or nitrogen is
added to pure argon or helium. Multiple bullets can appear
in a single tube configuration too, by adding small amounts
of nitrogen to helium feed gas. In this case, up to eight
bullets are reported [18]. Air impurities such as water vapour
can also affect plasma propagation and the production of
reactive species [19,20]. The operating frequency can be in
the kilohertz, megahertz (13.56 or 27.12 MHz) or gigahertz
domain, while the driving signal can be pulsed or sine wave
[21,22]. There are three main groups of electrodes that are
typically used in plasma jet devices. The first type is with
the electrodes separated from the buffer gas by an insulator,
usually a glass tube [23] or capillary [24]; the second type
is when they are in contact with the buffer gas [25]; and
the third type is when the powered electrode is in contact
with the buffer gas and the grounded electrode is isolated
from the gas [26]. The electrodes can be cylindrical [27],
flat [28], ring shaped [29], needle like [30], etc. Apart from
results on systems with different electrode geometries, in the
literature results obtained using different geometries of the
glass tubes/gas flow may be found. While it has not been
reported in most papers that a discharge may go beyond the
grounded electrode (as observed by us), in [31] it is reported
that in a T-shaped configuration, bullets appear at two ends
of the tube asynchronously. This is, however, in both cases,
motion of the bullet downstream. The electrode gap, geometry,
frequency and type of gas used determine the behaviour of
the plasma jet. These parameters have a large impact on
the breakdown voltage, operating mode (chaotic, bullet or
continuous [26]), voltage—current characteristics, dissipated
power in plasma and the effluent length.

Several well-known techniques, such as optical emission
spectroscopy, absorption spectroscopy, mass spectrometry,
laser spectroscopy and electrical probes, can be used for
the characterization and diagnostics of plasma jets. Fast
time resolved ICCD imaging is the easiest way to investigate
time/space development of plasma. From these high-speed
images, it can be seen that plasmas in plasma jets are not
always continuous. They sometimes appear to travel in a
form of small plasmas that propagate from the glass tube filled
with a flow of helium into the surrounding atmosphere [23].
These plasma packages, the so-called ‘plasma bullets’” or PAPS
(pulsed atmospheric pressure streamers) [32], are not yet
fully understood. Several theories explaining the formation
of these fast travelling plasma packages have been proposed
[23,29,33]. There have been some attempts to simulate the
‘plasma bullets’ as positive streamers [34], but there is some
discrepancy between the simulation and experimental data

[35-38]. It is assumed that photons and Penning ionization
[39,40] play the main role in the propagation of ‘plasma
bullets’.

In our previous paper, we have presented formation and
time/space development of ‘plasma bullets’. The powered
electrode was Smm from the edge of the glass tube and
the electrode gap was 15 mm [40]. The point of that paper
was to show the operation of a plasma jet with transparent
electrodes, so that the development of the plasma could be
followed at all times. The aim of this study is to take advantage
of the technique presented earlier and provide systematic
experimental data over a wider range of configurations and
operating conditions. Apart from providing such data in order
to provide theory with well-defined data that may be used for
qualitative and even quantitative comparisons, we also try to
determine the optimal distance of the electrodes from the edge
of the glass tube at a constant electrode gap in order to obtain the
largest plasma range for the conditions of our plasma source.

2. Experimental setup

A low temperature atmospheric plasma jet that can operate
in the ‘bullet mode’ has been briefly described in [40]. The
plasma jet consists of a Pyrex glass tube (inner diameter
4 mm and outer diameter 6 mm) and two transparent electrodes
that allow the observation of plasma development inside
the electrodes. The electrodes were made of polyethylene
terephthalate (PET) covered with a thin conducting film of
indium tin oxide. The electrodes were 15 mm wide with the
inter-electrode gap of 15mm. These dimensions were kept
constant in the measurements. The electrode closer to the
end of the glass tube was connected to the power source
(powered electrode). The second electrode was connected
through a resistor of 100 k€2 to the ground. Figure 1 shows an
ignited plasma jet with the instruments used in the experiment.
The parameter that was varied was the distance between the
powered electrode and the external edge of the glass tube. We
have followed the development of the plasma plume by varying
the geometry for many geometries with 1 mm steps; we chose
to only present the data for the four dimensions as selected
in the text. Above 30 mm, the plasma did not leave the glass
tube. Below 30 mm it did, and the maximum range occurred
at 15 mm. Here we will show results for distances of 7, 15, 30
and 50 mm.

The operating frequency of the plasma jet was 80kHz,
adjusted by a signal generator. In order to power the plasma jet,
the signal generator was connected to a custom built amplifier.
The amplifier can produce voltages up to 1kVpp, which is
insufficient for plasma ignition. Therefore, an additional
HV transformer was connected after the amplifier so that
the voltage was increased up to more than 7kVpp. Two
commercial voltage probes were used for the current and
voltage characterization of the system. The average power
was calculated from the current and voltage signals obtained
by these two probes. In all measurements, the amplifier power
was kept at the constant value of 4 W. A very important note is
that using a sinusoidal voltage simplifies the electrical power
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Figure 1. Experimental setup: (1) signal generator; (2) amplifier;
(3) high-voltage transformer; (4) voltage comparator; (5) ICCD
camera; (6) oscilloscope; (7) computer. EG = electrode gap

(15 mm) and d = distance between the powered electrode and the
edge of the glass tube (d = 7, 15, 30 and 50 mm).

supply and most measurements, but it also limits the range of
plasma bullets (ionization fronts).

We had to introduce the third voltage probe in order to
synchronize the ICCD camera (Andor iStar DH7341) with the
driving signal of the plasma jet. This probe was connected
at the same point in the electrical circuit as the probe for
measuring the voltage on the 100 k€2 resistor (voltage probe
2in figure 1). The signal taken from this probe was introduced
in a custom built voltage comparator. The voltage comparator
enables triggering of the camera in each cycle (12.5 us) of
the signal while keeping the relative time within the cycle.
The stability of the voltage comparator is important since the
ICCD camera has to record 160 images during the adjusted
exposure time of 2ms, while keeping the 25 ns gate width.
All these single images were then integrated at the chip of
the ICCD camera and transferred to the computer by Andor
software. The position of the gate was scanned over the whole
period of 12.5 us using the camera’s internal delay generator.
Thus, the emission over the duration of the entire period was
recorded. We have checked our integration and timing jitter
by comparing the single shot and the averaged recordings and
looked for a change in shape or timing, which turned out to
be negligible. In our experimental conditions presented in this
paper we have always had only one PAPS formed during one
cycle. The moment of formation corresponded to the voltage
maximum. The results were experimentally reproducible and
there was no evidence of the formation of multiple bullets. In
all experiments, helium was flowing through the glass tube at
the constant rate of 4 slm (standard litre per minute).

3. Results and discussion

3.1. Images for different distances between the electrodes
and the edge of the tube

In this section, we show ICCD images for four different
distances between the electrodes and the edge of the glass tube,
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Figure 2. Current—voltage signals with trigger positions (for the
distance of 15 mm). One period is 12.5 us.
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Figure 3. Time-resolved ICCD images at A (1.6 us).

along with the current and voltage signals with the triggering
positions marked that correspond to the timing of those images.
The current and voltage signals with the triggering positions
A (1.6 us), B (4.0 us), C (8.0 us), D (10.4 us) and E (11.2 us)
for the gap of 15 mm are shown in figure 2. The beginning
of the period is chosen to be in the downward slope of the
current and the voltage, when current is close to zero and
the voltage is about 1kV. The voltage signal is a pure sine
wave, while the current signal is slightly deformed due to the
superimposing of the plasma jet current on the displacement
current. (The displacement current is observed directly when
there is no plasma.) The peak-to-peak values of the voltage
and current are 7kV and 6 mA, respectively.

In figure 3 we show the emission intensities taken for
the triggering time of 1.6 us after the beginning of the period
(point A in figure 2). For this trigger time, the voltage signal
is negative and at about one half of its amplitude, while the
current signal reaches its maximum negative value. For all
cases except for the distance of 15 mm, plasma is formed at the
right edge of the powered electrode and fills the tubes almost
uniformly. For the distance of 15 mm, however, plasma is
somewhat shifted towards the grounded electrode and the main
emission originates between the electrodes. It almost appears
that the development at 15 mm is slightly ahead of those for
other distances.
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Figure 4. Time-resolved ICCD images at B (4.0 us).

If we move further along the voltage/current cycle,
the ionization wave indicated by the light emission starts
propagating inside the powered electrode from its right edge
to the left one (downstream of the helium flow and towards
the exit of the tube). These images are shown in figure 4
and correspond to the triggering point B in figure 2. For this
current/voltage combination, the plasma (as indicated by light
emission) inside the powered electrode peaks close to the inner
surface of the glass tube and has a ring-like shape. At the same
time, the emission intensities originated from between the
electrodes indicate that the plasma (emission) is confined at the
axis of the glass tube. Comparing the images shown in figure 4,
we can see that the plasma behaviour is again similar for all
distances except for 15 mm. In the latter case, the position of
the maximum emission inside the powered electrode is lagging
compared to the results for the distances of 7, 30 and 50 mm.
At the same time, the discharge for 15 mm appears to be ahead
of other discharges in between the electrodes.

At 8.0 us (C in figure 2), the voltage is at one half of its
amplitude and the current is almost at the maximum in the
positive half-cycle. Plasma in the inter-electrode gap reaches
the left edge of the grounded electrode (see figure 5) and
extends inside. At the same time, inside the powered electrode
there is almost no light emission (for 7, 30 and 50 mm) except
for the distance of 15 mm, where emission is detected inside
the powered electrode. At this point, a PAPS precursor is being
formed. We can see that there is a plasma channel connecting
the tip of the plasma with the powered electrode. This channel
is much stronger when the electrodes are further away from
the edge of the glass tube and the ambient air. For the two
smaller distances (7 and 15 mm), this channel produces weaker
emission, but we can see that plasma is already in contact with
ambient air, and PAPS are being formed. At the same time,
for the distance of 15 mm, one can see a transition from a
hollow emission distribution (peaking close to the wall-wall
hugging) to the single peak on the axis in the transition when
plasma leaves the electrode. In other words, the wall-hugging
emission profile occurs when there is a conducting electrode
on the other side of the glass.

When the voltage signal reaches its maximum, the PAPS
is already formed and for the distances of 7 and 15 mm it is
already travelling outside of the glass tube (see figure 6). For
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Figure 6. Time-resolved ICCD images at D (10.4 us).

longer distances (30 and 50 mm), we only see the precursor
inside the tube travelling downstream of the helium flow. It
is also obvious that at the moment of departure of the plasma
from the tube, it starts moving faster and becomes brighter.
Whatever the explanation for the brighter glow of the plasma
(Penning ionization mentioned in [40] and elaborated on in [39]
or field distribution [41,42]), the formation of the brighter
region requires some time after the departure from the tube and
it appears to be connected to the origin of plasma, thus support-
ing the streamer-like explanation. In the grounded electrode,
the wall-hugging plasma propagates with varying velocities
and a possible breakdown of symmetry occurs in one case.

Finally, the plasma reaches its maximum range when the
voltage and current start to drop. This case is denoted by the
point E (11.2 us) in figure 2. ICCD images for this triggering
time are presented in figure 7. The two bullets formed for
shorter distances are progressing further away and dimming.
We can see that for a distance of 30 mm, the plasma reached
the edge of the glass tube with an indication of growth in
brightness, whereas for 50 mm it is still inside the tube. For
both these distances, the bright plasma ball (bullet) did not
form as a separate plasma package outside the glass tube at
any moment during the whole period of 12.5 us, although a
continuous development inside the tube is observable. As for
the grounded electrode, the discharge has reached its end, but
it does not seem to penetrate any further.
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Figure 7. Time-resolved ICCD images at E (11.2 us).
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Figure 8. Maximum plasma bullet range.

The maximum ranges that plasma packages can reach are
shown in figure 8. We repeat that the development of the
bullet may be extended further by a pulsed dc power supply
that would allow the existence of the potential gradient at the
edge for a longer time. For clearer presentation, we present a
histogram graph showing the maximum ranges of the plasma
package and the positions of the glass tube. The maximum
ranges are obtained from the corresponding ICCD images at
11.2 us (point E in figure 2). The range is measured as the
distance from the left edge of the powered electrode to the
left edge of the plasma bullet. The left edge of the bullet was
determined in such a way that the intensity of the measured
points was not below 2000 a.u. The maximum range reached
by the plasma bullet is almost the same when the distances are
7, 30 and 50 mm, and it is about 30 mm. For the distance
of 15mm, the plasma reaches a radically larger range of
approximately 50 mm.

The main difference in results among all presented
configurations is the maximum travelling range of PAPS. As
can be seen from figure 8, the optimal distance of the powered
electrode for the maximal plasma range is at 15 mm from the
edge of the glass tube. Hence, this particular case will be
presented in more detail.
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Figure 9. Current—voltage signals with trigger positions.

3.2. The optimal position of the electrodes

Current and voltage waveforms with marked triggering
positions of the ICCD camera are shown in figure 9. The
ICCD images (figure 10, left column) were taken for the delays
from 0.0 to 12.0 us, with a step of 0.8 us, to provide detailed
time development of the plasma jet. Each image and profile
correspond to the letters (A—P) on the current—voltage signal.
Axial profiles (figure 10, right column) of the plasma light
emission along the glass tube axis were calculated from the
obtained ICCD images. The presented profiles are calculated
as a sum of the light emission coming from the plasma along
the axis of the glass tube. The right edge of the grounded
electrode was used as the zero distance. The position of the
edge of the glass tube was at 6 cm.

In the downward slope of the current and voltage signal
(A-E in figures 9 and 10), the plasma emission is mainly
originating from within the electrode gap. As current reaches
its maximum negative value, the discharge enters the powered
electrode, taking the form of a ring shape. From the emission
intensity profiles (figure 10, axial profiles A-E), we can see
that the highest intensity inside the powered electrode is at the
moment when the plasma is forming at the right edge of the
electrode (D = 2.4 us in figure 10). After that moment, the
plasma starts to move inside the powered electrode along the
surface of the glass tube in the same direction as the helium
gas flow. One should bear in mind that the transparency of the
electrode film is less than 100%. With the movement of the
plasma inside the powered electrode, the emission intensity is
decreasing both inside the electrode and in the electrode gap
(figure 10, E = 3.2 us to I = 6.4 us). This coincides with
the increase of the current and voltage in the negative part of
the period (see figure 9).

The positive part of the period of the voltage starts with the
point J in figure 9. Now the discharge is almost extinguished
inside the powered electrode and the main emission originates
from the electrode gap. With the increase in the voltage
signal, the discharge is formed at the left edge of the grounded
electrode (figure 10, K = 8.0 us). The discharge inside the
grounded electrode behaves similarly at some points as in the
powered electrode. It is ring-shaped and travels through the
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Figure 10. Time-resolved ICCD images for delays 0-12.0 us (left) and axial light emission profiles for delays 0.0-12.0 us (right), for 4 slm

and power of 4 W.

electrode along the wall of the glass tube. The differences
are that in the case of the grounded electrode, the discharge
moves contrary to the gas flow and the maximal intensity of the
discharge profile increases with the movement (figure 10, K—P
axial profiles). In the case of both electrodes, the maximum
emission intensity is always at the edge that is further away
from the edge of the glass tube. At the same time, when the
discharge enters the grounded electrode, a part of the discharge
starts to travel away from the powered electrode and towards
the exit of the tube (figure 10, K = 8 us). While it travels
through the glass tube, we can see that the highest emission is
originating from the head of the formed plasma with a low-

intensity tail behind (figure 10, K, L images and profiles).
We could say that a precursor is formed which will turn into
the high-speed travelling package of plasma when it leaves
the glass tube. Only upon exiting the glass tube, the plasma
significantly expands in volume and the light intensity rises
by several orders of magnitude. It appears that the main
reason for a fast increase in the emission and volume of the
plasma is the contact of excited helium atoms and metastables
with molecules of nitrogen and oxygen from the ambient air
[38,39]. However, it appears that the field distribution outside
the tube provides a greater potential drop at the front and thus
increases ionization considerably.
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Figure 11. Comparison of current (left) and voltage (right) waveforms for different distances between the electrode and the edge for the

glass tube. The flow of the helium was 4 slm.

The propagation of the plasma package in the open air can
be explained as propagation of a positive streamer [19, 34].
The peak emission intensity of the propagating streamer is
obtained for the delay of N 10.4 us. We can see that
the highest intensity position corresponds to one half of the
maximum distance travelled by the plasma. At this point,
it is clearly seen that the ionization front is still connected
to the main discharge inside the jet tube with a thin, hardly
visible and apparently conductive, tail (figure 10, N). With
further movement of the ionization front, this conductive tail is
diminishing, accompanied by the diminishing intensity of the
emission coming from the travelling plasma package. When
the ionization front is at the maximal distance from the tube,
the emission intensity is low and the plasma tail is thin. We
have to point out that from the moment when the plasma
package leaves the glass tube and enters surrounding air until
the extinguishing of the package, the package appears to be
constantly connected to the main discharge inside the tube with
a long, streamer-like plasma tail.

The main difference that we have observed between the
15 mm configuration and other configurations is in the current
waveform. It is smaller in amplitude during the negative
part of the waveform compared to the signal for the other
three configurations (see figure 11). Also, the positive peak
of this waveform leads the other peaks (obtained for 7, 30
and 50 mm). This difference can be seen in more detail in
the frequency domain. For the case of 15 mm, the 2nd and
4th harmonics are smaller in intensity compared to the same
harmonics for other configurations. We can see that there is no
significant difference between the voltage signals for different
configurations. The main conclusion that can be drawn here
is that the characteristics of the plasma jet and the plasma
packages are influenced by the configuration of the electrodes,
i.e., their dimensions and the distance from the mixing point
of working noble gas with air. Also, the same system can be
tuned by adjusting the electrode configuration with no need to
change any component in the power supply system.

3.3. Velocities

The velocities of the emission peaks were determined
(calculated from the ICCD spatial emission profiles at different

25 T T T T T T T T T
- Direction of plasma bullet
20+ ' propagation -
-—
p—
15 1 . E
-E Flow of helium
=
e 104 N
> Powered Grounded
— —
54| —=—v : . E
4 slm | Edge of the .
15 mm| glass tube " . "
0 T T 1 T T T T
10 8 6 4 2 0

Length [cm]
Figure 12. Plasma velocity inside and outside glass tube.

times) for the propagation of plasma through the powered,
grounded electrode and outside the glass tube (figure 12). The
velocity of the ionization front in the powered electrode starts
to rise from the right edge of the electrode. At about 4 mm
from the edge it reaches the speed of 4 kms~!. The velocity is
almost constant until the ionization front reaches the left edge
of the electrode. The propagation direction of the ionization
wave is downstream of the helium flow. When the electrode
is grounded, the ionization wave starts to accelerate from the
left edge of the electrode and reaches the speed of 4km s~ at
2mm from the edge of the electrode. The velocity is almost
constant until the plasma reaches the centre of the electrode.
Thereafter, it starts to accelerate again and reaches the maximal
speed of 5Skms™!. Near the edge of the grounded electrode, the
ionization front starts to rapidly slow down. The propagation of
the ionization wave inside the grounded electrode is upstream
of the helium flow. We have performed several experiments
where we varied the helium flow while keeping the electrode
geometry constant. These results are not in the scope of this
paper. We have seen that helium flow does not influence the
propagation velocity of PAPS outside the glass tube, but greatly
influences its range.
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Velocity outside the glass tube rises from the edge of
the glass tube and reaches its maximum of approximately
20kms~! at the distance approximately 15mm from the
edge of the glass tube. The velocity is constant from 15
to 30mm and thereafter it starts decreasing. The larger
velocities outside the glass tube than inside may be due to
the changes in the composition of the medium through which
the plasma propagates. In the tube, we have pure helium, and
outside the tube components of air diffuse into the stream of
helium that leads to new and complex reactions in the plasma.
Nevertheless, studies like this one, and quantitative comparison
of models with the experimental data may be the best way to
investigate these plasmas.

4. Conclusion

In this paper, we have shown results of optical emission
spectroscopy for four different configurations of a plasma jet.
In all configurations, the distance between the powered and
grounded electrode was kept constant, while the distance of
the electrodes from the edge of the glass tube was varied.
Measurements were taken for distances of 7, 15, 30 and 50 mm
from the edge of the glass tube.

Several conclusions can be drawn from the presented data
that can be applied to all electrode configurations:

— while inside the electrodes, the plasma has a ring-like
shape and it is mainly travelling along the walls of the
glass tube;

— inside the glass tube (not in the electrode region) plasma
is confined to the central axis of the tube and the main
emission originates from that volume;

— only when the plasma comes into contact with the ambient
air does the volume of discharge increase and the plasma
form a sphere-like shape before it starts to travel in the
open air;

— 1in all cases when PAPS is formed, we have seen that it has
a trail of very small emission that ‘connects’ it with the
main discharge inside the tube; the connection through
the weakly lit plasma to the point of origin resembles
streamer-like propagation and is consistent with proposed
theoretical explanations.

The main difference between the configurations used in
these experiments occurred in the maximum range that PAPS
can reach before extinction. For the distances of 7 and 15 mm,
PAPS is formed and it starts travelling outside the glass tube.
In the case of 30 mm, the plasma reaches the edge of the tube,
starts to increase in volume, but does not detach from the tube in
order to start travelling in the open air. For 50 mm, the plasma
stays inside the tube throughout the whole period of 12.5 us.
Nevertheless, even if plasma does not leave the glass tube, the
maximum distance that it can reach is around 30 mm, which
corresponds to the ranges obtained for 7 and 30 mm. Only in
the case when electrodes are 15 mm away from the edge of the
glass tube, is the maximum travelling range of PAPS 50 mm.
However, the travelling speed of PAPS for all configurations is
almost the same and in open air it reaches about 20 km s~ (for
the 15 mm case, and 17 km s~! for the 7 mm case). One should

bear in mind that we can measure the velocity only when the
PAPS departs from the edge of the tube. It appears that the
propagation of the plasma PAPS for the 7mm case is slow
when the plasma leaves the tube and forms the bullet, which
could be related to the distribution of the electric field beyond
the edge of the tube.

One could argue that the distribution of the field along the
glass tube beyond the powered electrode is a key consideration
in establishing the range of plasma bullets. In addition, one
should consider that for 15 mm the transit time allows the
plasma to leave the tube just when the voltage waveform goes
through the maximum at a phase of 1.57. All of these aspects,
and other considerations, may be interpreted as the basis for
an explanation within some plasma model that is sufficiently
detailed and comprehensive. We hope that our results will
promote and support such an analysis and its conclusions.
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Abstract
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A printed-circuit-board (PCB) based atmospheric pressure dielectric barrier discharge (DBD)
capable of uniform processing over a large area was constructed consisting of two parallel
plates. The first perforated plate is comprised of four layers: a RF powered metal layer, a
polymeric dielectric layer, a floating metal grid and another dielectric layer. The second,
grounded, plate was fluorine doped tin oxide (FTO) glass plate with surface of 100 x 100 mm?
and thickness of 2mm. The PCB based atmospheric pressure DBD was characterized by

(a) measuring electrical characteristics of the device using derivative -V probes, (b) ICCD
imaging and (c) optical emission spectroscopy (OES). Optical and electrical characteristics,
as well as plasma uniformity were measured by changing He flow rate and input power,
while keeping the gap between the PCB and the FTO glass plate ground electrode constant

at 2mm. The plasma uniformity strongly depends on the applied power and on the flow rate
of the buffer gas. When increasing the flow rate, the intensity of the nitrogen-dominated
emission drops, while emission of helium and oxygen lines increases. The source allows low
temperature, uniform plasma operation over a wide area of 100 x 100 mm?, which could

be essential for numerous applications. Examples of etching rate and hydrophilization are

demonstrated.

Keywords: optical emission spectroscopy, ICCD Imaging, plasma etching, hydrophilicity,
dielectric barrier discharge, atmospheric pressure plasmas, RF plasmas

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

1. Introduction

Atmospheric pressure plasmas have become a key emerging
technology especially in the field of surface treatment of
solids or liquids, both in industry and in research laboratories.
One of their big advantages is their potential lower capital
cost, when compared to vacuum plasma equipment, although
operating (e.g. gas) costs have also to be considered. Several
state of the art plasma sources have been designed for this
purpose, such as atmospheric pressure plasma jets (APPJ)

1361-6463/17/135204+10$33.00

and dielectric barrier discharges (DBDs) [1-16]. The most
broadly used DBD designs consist of two parallel metal elec-
trodes covered by a dielectric layer. The plasma is either a
stable glow discharge or a filamentary discharge depending on
working conditions [18-20].

Examples of the industrial use of DBDs include particle
matter (PM) removal in catalysts for the car industry [21] and
material surface modification/activation [8, 17]. The latter
however requires uniform processing over large areas and, in
this case, filamentary type of discharges should be avoided,

© 2017 IOP Publishing Ltd  Printed in the UK
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especially when soft materials are being processed. Typically,
jet DBDs operating at kHz and MHz frequencies may pro-
cess samples of the order of a few mm?, which makes them
useful for localized applications. Therefore, to address the
need for large area processing of materials, a specific type of
atmospheric plasma equipment has been designed and tested,
such as roll to roll that makes use of cylindrical DBD sources,
where one of the electrodes is a rotating metallic cylinder cov-
ered by a dielectric [22].

Characterization of the electrical and optical properties of
generated plasma from these devices is a challenge. One tech-
nique for the electrical characterization is the use of derivative
probes [23, 24], which provide crucial information regarding
electrical properties such as Voltage, Current, Impendence and
in general stability and discharge characteristics of the source.
A further analysis can be achieved by making use of optical
emission spectroscopy (OES), for detection of excited species
and monitoring of plasma composition, especially regarding
the role of each species in material processing [25-31].

We have recently presented a novel design of atmospheric
pressure DBD that is based on printed circuit board (PCB) and
is capable of large area operation [32, 33]. We have shown that
the existence of a metallic grid in the PCB promotes plasma
excitation uniformity, and stability and leads to higher pro-
cessing rates. PCBs are used in electronics, and are a cheap
and reliable source of materials for cost-effective manufac-
turing of the source.

In this work, we move a step further in the detailed charac-
terization of the source in terms of electrical and optical prop-
erties of helium plasma. The aim of our work is to optimize
plasma process focusing on the discharge uniformity and
large-area operation and to confirm the scaling-up potential
of our plasma source (from lab-scale to pilot-line). The char-
acterization of the discharge is performed by using optical
imaging via a new implementation of the PCB source with a
bottom conductive glass electrode, OES and electrical meas-
urements while varying helium flow rate and RF power. We
perform measurements here with a variation of our design
with respect to our first publication [32] by using a transparent
ground electrode which allows us to quantify the optical char-
acteristics of the discharge such as emission intensity, surface
coverage and uniformity over areas of 80 x 80 mm?. We use
OES to quantitatively measure the emission of molecular
nitrogen, helium and atomic oxygen line intensities versus
helium flow rate.

2. Experimental setup

A schematic of the experimental setup is presented in figure 1.
In figure 1(a) we show vertical cross section of the plasma
source which is composed of two plane parallel electrodes
with dielectric layers facing each other. The upper powered
electrode (antenna) is a square-shaped (100 x 100 mm?)
multilayer PCB with 2mm diameter holes drilled equidis-
tantly. The multilayer perforated PCB consists of 80 pym thick
copper plate, a 1 mm thick dielectric material (FR4) and an
80 pm thick copper grid on the other side. From below, the

grid is uniformly coated with an additional 1 mm thick second
dielectric material (poly-dimethyl siloxane—PDMS) [32, 33].
For all measurements presented in this paper, the source con-
figuration includes a floating grid, while the lower grounded
electrode, which serves as sample holder, is fluorine doped tin
oxide (FTO) coated glass.

This is different from our recently published paper with
a similar source [32] where, apart from the configuration
with the floating grid, we also analyzed configurations of the
source with a powered grid and without the grid. Moreover, in
that paper a 50mm x 50mm PCB plate served as grounded
second electrode. Since the surface and the type of the second
electrode are crucial for the /-V characteristics of the atmos-
pheric DBD plasma reactor, changing these characteristics
with respect to [32] will partially alter electrical properties of
the source.

In figure 1(b) we show the source with schematics of elec-
trical and detection parts of the setup. The perforated PCB is
fixed at the bottom of a Plexiglas box with a hole for gas inlet
at the top side. This way, uniform gas flow through all PCB
holes is achieved. The powered electrode is connected through
an L-type custom-made matching network to a 13.56 MHz
power supply. In all experiments we had reflected power set to
the minimal value and kept below 3% of the forwarded power.
This was set before the measurements and we did not need to
change the settings of the matching network afterwards during
the measurements. Therefore, the L-C values of the matching
network did not change. All this implies that the DBD system
is well balanced and its design gives close to optimal values
when it comes to matching it to the power supply. The
gap between electrodes was set at 2mm. Pure helium was
used as buffer gas at flow rates from 1 to 7 standard liters per
minute (slm).

For the electrical characterization of the source, derivative
probes were used to obtain voltage and current waveforms
at the powered electrode. The voltage probe was a capaci-
tive T-shaped probe and the current probe was an inductive
II-shaped probe, both placed inside a stainless-steel box
which was connected in-line between the plasma source and
the matching network [23, 24]. The V-I waveforms were
recorded for different helium flow rates and power values
using a 3000-X series digital oscilloscope from Agilent
Technologies and then fast Fourier transform (FFT) was per-
formed to obtain the voltage and current RMS values along
with the total impedance of the source and the power dissipa-
tion (Pg). Power dissipation, voltage and current values V, [
and phase difference ¢ were calculated using the waveform
analysis software of the derivative probes. Due to the probe
position, calculated dissipated power is not influenced by
power losses from the cable and from the passive components
of matching network and therefore represents only the power
delivered to the DBD source.

For plasma imaging, we used an Andor ICCD camera iStar
DH7341 equipped with photographic lens NIKKOR 50 mm
f/1.4 AIS [34]. Since electrodes were in horizontal position,
a mirror was situated under the lower transparent FTO elec-
trode reflecting the plasma emission to the camera. In addi-
tion to the surface plasma imaging described above, side on
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Figure 1. (a) Experimental setup of the perforated DBD source of plasma intensity and (b) vertical cross section of the perforated novel

PCB source with power and ground connections.

capturing of the plasma intensity was performed. Thus, we
obtained images spectrally integrated in the visible spectral
range. As the exposure time was in the order of several hun-
dred s, obtained images were time integrated observation of
discharge emission from many RF periods. The objective was
transparent for the light above 375 nm.

For the OES, an Acton Research Corporation SpectraPro-
500 spectrograph with a ICCD camera was used. Plasma
emission was guided by a fiber, positioned in the middle of
the electrode gap, to an entrance slit of the spectrograph.
Thus, the fiber collected light coming from a wide angle
making the observed emission integrated in space, over the
whole acceptance angle. These measurements were also time-
integrated since they were taken with 5s exposure time while
the spectrally resolved emission from the plasma was recorded
in a wide interval of wavelengths from 300 nm up to 800nm
in steps of 10nm. A VIS-NIR 1000 pm optical fiber with
reduced emission below 360nm and stable response above
380nm was used.

Poly-methyl methacrylate (PMMA) films spin coated on
silicon wafers, were used for plasma etching. Samples of size
approximately 2cm x 2cm were placed on the FTO electrode,
and etching was performed for 120s. A mixture of He/Air was
used as etching gas, varying He flow rates at 2, 4 and 6 slm,

while keeping the power constant at 100 W using a 13.56 MHz
RF generator. A Woolam M2000 Spectroscopic ellipsometer
was used for the ex situ measurements of PMMA film thick-
ness before and after the plasma etching in order to determine
the etching rate. Our new results show the important role of He
flow rate, and are consistent with our first observations [32]
using a constant He flow rate, and a PCB based bottom elec-
trode. The high etching rates of this source have been used to
etch paper and subsequently render it superhydrophobic [35].

3. Results and discussion

3.1. Electrical measurements

Electrical properties of the DBD source were obtained for
different power values and helium flow rates when plasma is
present. For each condition, a set of I-V curves was recorded
using derivative probes, followed by calculation of the dis-
sipated power and the impedance in the circuit during the
plasma-on period. A power range from plasma ignition up
to 120 Watt was studied for He flows 1, 2, 4, 6 and 7 slm.
Figures 2(a)—(d) show respectively the RMS voltage, current,
impedance and impedance phase obtained versus the dissi-
pated power. In figure 2(b), current—voltage characteristics
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Figure 2. Electrical measurements of perforated DBD source: (a) voltage versus dissipated power and He flow, (b) current change versus
dissipated power and He flow, (c) impedance behavior (source + plasma) with dissipated power and He flow change, (d) phase change with
the variation of flow and power, (e) 1st harmonic (13.56 MHz) change with dissipated power and He flow and (f) 3rd harmonic

(40.68 MHz) change with the variation of dissipated power and He flow.

obtained for different He flows are shown. In figures 2(e) and
(f) we present changes in the voltage amplitude of the 1st and
the 3rd harmonic as a function of dissipated power and dif-
ferent flows.

In figure 2(a) we can clearly see the effect of He flow on
the ignition voltage for the same input power. Higher He
flow results in lower ignition voltages. We also observe an
increase of voltage with an increase of the dissipated power.
Similar behavior is observed in the case of voltage varia-
tion with current, as shown in figure 2(b). From these two
graphs, the amount of He has a significant effect on the dis-
charge working point. Namely, higher He flow rate results in
an increase of He percentage in-between electrodes, lowering

operating voltage of the plasma at a certain power. For the
highest dissipated power of 110 W the difference in operating
voltages between maximum and minimum flow rate is around
170 V. Additionally, current—voltage characteristic, shown in
figure 2(b), indicate that current range also decreases with
an increase of the flow rate. Therefore, at certain power for-
warded to the source the discharge will operate at a lower cur-
rent when the gas flow rate is higher.

As expected, from the voltage and current curves and
assuming that the impedance of the source is constant, in
figure 2(c) we see that the absolute values of the plasma imped-
ance decreases both with increasing He flow rate and input
power as a consequence of higher efficiency of the discharge
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due to the presence of He [36], indicating enhanced electron
density in the plasma. In figure 2(d) we present the phase dif-
ference between the voltage and current signals (related to
the imaginary component of the impedance) as a function of
both He flow rate and input power. The negative sign of the
phase difference indicates a capacitive behavior of the source
that decreases slightly with an increasing input power. On the
other hand, the increasing He flow rate has a more important
effect on the impedance phase, leading to lower phase differ-
ence values, i.e. less capacitive behavior of the DBD source.

Plasmas are in general highly asymmetric systems and as
a result this influences the appearance of a number of higher
harmonics. The amplitudes of signals at higher harmonic fre-
quencies, other than the main operating frequency, are indica-
tors of the asymmetry of the system. Design of the source i.e.
its construction will govern the number of harmonics that will
appear. The number and intensity of harmonics are sensitive to
impedance of the outer electrical circuit (matching box, cables
and connectors) [37, 38]. In our case, for all He flow rates
and all dissipated powers, FFT analysis showed an appearance
of only the 3rd harmonic (40.68 MHz), which is two orders
of magnitude smaller than the Ist harmonic (13.56 MHz).
In figures 2(e) and (f) amplitudes extracted from the 1st and
the 3rd harmonic after FFT analysis of the voltage signal are
presented. The amplitude of the 1st harmonic increases with
power. However, a decrease of the amplitude with an increase
of the He flow is observed for all power levels. On the other
hand, there is almost no change of the 3rd harmonic for all
He flow rates and powers. This implies that asymmetry of our
plasma system is not highly pronounced and that system itself
is well balanced.

3.2. ICCD imaging

Recording of discharge images by ICCD camera was used to
study plasma coverage of the electrode surface and it allowed
us to establish optimal conditions for achieving uniform
plasma operation over the entire electrode area. Measurements
were performed for different He flow rates (1-7 slm) and for
different dissipated power values. The end-on images obtained
by using ICCD camera are presented in figures 3 and 4.

In figures 3(a)—(f) we show images taken at 7 slm of helium
flow, for powers starting from ignition of the plasma at 63.3 W
up to the maximum dissipated power of 110.5 W. We can
clearly see that the increase of power causes the plasma to
spread over the whole electrode area. The emission intensity
coming from the plasma also increases. In figures 3(f)—(1) we
present images obtained when the dissipated power decreases
having the same values as in figures 3(a)—(f). For example, the
ICCD image in figure 3(g) was obtained for the same value of
dissipated power as figure 3(e). The lowest dissipated power,
where we could sustain plasma discharge was 51.8 W, and
with further decrease of power plasma was turned off. This
power value is lower than the one needed for the discharge
ignition, demonstrating a hysteresis effect of the plasma and
confirming that the ignition power is always higher than the
power needed to sustain plasma. As the dissipated power
decreases, at certain power values, the discharge coverage

shown in figures 3(g)—(l1) was slightly different (compared
with the images figure 3(a)—(e)) with the emission intensity
decreasing more rapidly with power. The appearance of the
dark patches distributed almost randomly across the elec-
trode surface could be observed as lower power was fed to
the plasma. It appears that plasma is switching off at some
local channels before other even neighboring channels. This
all may be due to different conditions at the surface or slightly
different distance of not perfectly parallel electrodes.

In figures 4(a)—(e) we show the effect of He flow rate on uni-
formity and emission intensity of the plasma. The experiments
were performed at 120 W input power varying He flow rate
from 1 up to 7 slm. As the discharge, current varies with the
flow change, dissipated power is changing for different flows.
We observe that full coverage of the electrode is obtained
for He flow values of 2 slm and above (figures 4(b)—(e)).
Moreover, as He flow rate increases the intensity of plasma
emission drops. The main reason for this drop is the reduction
of the percentage of air in the air/He mixture, which is further
analyzed in section 3.3.

In figures 5(a)—(c) we present side-on images of the PCB
based atmospheric pressure DBD device for three different
flow rates. The experiments were performed at 120 W input
power by using He flow rates of 2, 4 and 7 slm. We observed
that when He flow rate increases the plasma intensity across
the inter-electrode gap decreases. It is also clearly seen that
there is a small convergence between the plates leading to a
higher distance in the right side of the board. This may be due
to lack of perfect flatness of the PCB boards, or not perfectly
equal spacers separating the two PCB boards. Moreover, this
differentiation of distance leads to a gradual increase of the
plasma intensity and an increase on the plasma variance, as
one moves from the left side to the right side. The increase
in the emission intensity could be explained by the higher
amount of surrounding air in the admixture.

To evaluate optimum conditions when full plasma cov-
erage of the electrodes is achieved, a more comprehensive
analysis was performed. A software code was developed for
automatic image processing to find the mean intensity, inten-
sity variation (error bar of the mean intensity) and the size
of plasma covered area from the discharge images. This way
we performed quantification of the plasma uniformity versus
RF power as well as the effect of power on the mean plasma
emission intensity.

In figure 6(a) we present the percentage of the DBD sur-
face area covered by plasma as a function of nominal power
forwarded from the power supply unit for He flow rate of 2,
4, 6 and 7 slm. The electrode part is considered as covered
by plasma if the intensity level of that part of the image is
above 92% of the maximum intensity in the image. Then, all
such areas are summed and compared to the total electrode
area. Herein we consider as electrode area only the area cov-
ered by holes (showerhead) which is equal to 80 x 80mm?
and not the entire electrode area (100 x 100mm?) as the
edge effects may affect significantly the measurements. We
see in the figure that for all flows, as power increases, plasma
spreads over the surface of the DBD and eventually covers
the whole surface. The area covered by plasma between 92%
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Chromatic presentation of intensity levels in figure 4(a-
e) in arbitrary units.

2 )
TR 2 5 G e
2t

(P=71.5 W Vrus=302.81 V)

(b) Pr=80 W

e $
(1) Pre=60 W (P¢=51.8 W Vrms=278.98 V)

f) Pre=120 W (P¢=110.5 W Vrns=340.61 V)

Figure 3. ICCD images of atmospheric pressure DBD operating with 7 slm of He for different RF input powers (Prp). Calculated
dissipation powers (P4) and measured RMS voltages are shown also. Images (a)—(f) taken with power increase and (g)(l) with power
decrease. Chromatic presentation of intensity levels in images is in arbitrary units.

and 100% is defined as full coverage. At higher He flow rates
full coverage is reached at lower power levels. Namely, at 7
slm full coverage is reached from 75 Watts, while at 2 slm it is
achieved at a power level above 110 Watts. Nevertheless, we
observed that even with the lowest flow (2 slm) conditions,
full plasma coverage can be achieved.

In figure 6(b) we present the mean plasma emission intensity
measured at 2, 4, 6 and 7 slm as a function of the nominal power
for cases when the area covered by the plasma was larger than
92% i.e. with full coverage. The mean intensity values are

calculated by dividing the sum of all pixel intensities by the pixel
number (240 x 240 pixels). As expected, the mean intensity
increases with power for all He flow rates. The intensity for 2 slm
is the highest while for higher He flow rates the intensity drops.
To quantify in more detail the uniformity of the plasma
on the PCB, we calculated the mean pixel intensity and its
standard deviation for each column along the X direction for
figure 3(f), corresponding to typical operating conditions
of 7 slm He and 120 W. In figure 6(c) we show the plasma
variation obtained from such averaged emission intensity data
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Figure 4. ICCD images of atmospheric pressure DBD for different helium flow rates at constant nominal power of the RF power 120 W.
Dissipated power is indicated in parenthesis: (a) 1 slm He (109.8 W), (b) 2 slm He (108.3 W), (c) 4 slm He (110.1 W), (d) 6 slm He (111.9 W)
and (e) 7 slm He (110.5 W). Chromatic presentation of intensity levels in (a)—(e) in arbitrary units.

(b)

(c)

Figure 5. ICCD images of atmospheric pressure DBD for different He flow rates at constant nominal power of the RF power 120 W.
Dissipated power is indicated in parenthesis: (a) 2 slm He (108.3 W), (b) 4 sim He (110.1 W) and (c) 7 slm He (110.5 W). Chromatic

presentation of intensity levels in (a)—(c) in arbitrary units.

(from figure 3(f)) along the 240 columns in the X direction (i.e
from left to right). In figure 6(d) we plot again these data to
show the uniformity of the plasma along the X direction. The
uniformity (in %) is calculated as (1 — ((Istandard deviationl)/
(mean Intensity))) * 100. The uniformity variation shown is
due to the showerhead-type of the powered electrode. The
holes on the PCB cause small local emission intensity vari-
ations, i.e. slightly lower plasma emission intensity in the
position of the holes compared to the position in between
the holes. Nonetheless, the level of plasma uniformity stays
almost constant in a wide range of operating power, especially
for higher He flow. This feature of the DBD source is very
important for homogeneous treatments of large area samples.

3.3. Optical emission spectroscopy

In figure 7 we present emission spectra obtained at 100 Watt
nominal power obtained for a wide range of wavelengths
between 300nm and 800 nm. The atomic O, the first negative

system (FNS) of N, ion as well as the second positive system
(SPS) of N; molecular transition lines are visible in the spec-
trum. For He there are no excitation thresholds below 19¢eV,
and therefore most of the excitation and ionization is due to
oxygen and nitrogen. Even at 19¢eV it is the metastable levels
of He that would quickly transfer excitation to FNS lines of
nitrogen and equivalent levels of oxygen. We also observe
in figure 7 electron energy levels from He 707 line, i.e. from
electrons with energy higher than 22eV.

The results of optical emission spectrometry (OES)
obtained for different power values and flow rates are
presented in figure 8: we show the total emission intensity
of the plasma recorded by the spectrometer in the range
between 380 to 800 nm, the intensities of atomic O at 777 nm,
He at 707nm and the intensity of (0-2) SPS N2 molecular
transition line (at 380nm). We only present the 380 nm SPS
N2 line due to our optical fiber limitations, which reduces
the emission below 360 nm and has a stable response above
380nm. The line intensities are corrected for the efficiency
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Figure 6. Results of quantitative analysis of ICCD images obtained for 2, 4, 6 and 7 slm of He. (a) Effect of power on plasma coverage
of the DBD surface. (b) Effect of nominal power on the mean plasma intensity and its variation (c) column average emission intensity and
its standard deviation along the X direction (i.e. from left to right), for figure 3(f). (d) Data of (c), plotted again as uniformity along the X
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Figure 7. Optical emission spectroscopy of atmospheric pressure DBD at helium flow rate 5 slm and nominal power 100 W.

of the optical system using a curve obtained from the sup-
plier, Princeton Instruments. However, correction due to the
optical fiber limited response below 360nm has not been

applied.

In figure 8(a) left Y axis we can see the effect of He flow rate
on the emission intensities when applying a constant 100 W
input power. As expected, the He flow rate increase results
in increase of the He 707 nm line intensity due to the higher
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Figure 8. Effect of He flow rate and power to the total emission intensity (380-800nm), intensity of O 777 nm, He 707 nm and SPS 380nm
N, band line. Atmospheric pressure DBD with (a) nominal power 100 W, (b) He flow rate 5 slm.

percentage of He in the He-surrounding air gas mixture. The
emission intensity can be calculated as a function of the gas
density, excitation coefficient and electron density. The emis-
sion of Oxygen also increases, although we expect a slight
drop of its density at high flowrates. The increased Oxygen
emission is probably due to higher electron density and/or
higher excitation coefficient (due to higher electron temper-
ature); such increases may offset any decrease of Oxygen den-
sity [39]. If we assume that the excitation coefficient ratio of
He at 707nm and O at 777.2 nm remains almost constant with
flowrate, we can estimate the effect He flow rate on O density,
by taking the emission intensity ratio of O/He (see figure 8(a)
right Y axis). We observe that the ratio of intensities decreases,
and this is an indication of reduced oxygen atom density at
higher flowrates. Similar effects have been observed in He—O,
mixtures [25, 40]. As we will see below this reduction of the
Oxygen atom density is consistent with the reduction of the
etching rate at high flowrates.

Contrary to He and Oxygen emissions, the N, 380nm
intensity drops almost one order of magnitude as He flow
changes from 2 slm to 8 slm and smaller amount of air is pre-
sent between electrodes. Such behavior of total emission and
N 380 line intensities suggests that dominant part of the spec-
trally integrated emission belongs to lines in N, SPS band.

Figure 8(b) shows the effect of input power on intensities
of the same lines using 5 slm He flow rate. As expected, the
power increase results in higher peak intensities of the Nj
380nm line and He lines. Finally, in both figures 7(a) and (b)
we see that the total emission intensity of the plasma follows
the N, 380nm line intensity. Therefore, we conclude that the
dominant emission is the N, SPS molecular transition lines,
which define the total emission intensity of the plasma.

3.4. Etching and wetting properties of PMMA fims

Treatment of polymeric substrates was also performed with
the DBD plasma source. PMMA (Poly methyl methacrylate)
thin polymeric films spin-coated on silicon were etched with
the DBD source in He/air plasma. Film thickness measure-
ments were performed using multiwavelength ellipsometry
before and after plasma etching and the etch rates of polymer

Table 1. PMMA etching rates and corresponding contact angle
values after six weeks of ageing as a function of He flow rate at
constant nominal power 100 W.

Power He Etch rate Contact angle after 6 weeks
(Watt)  (slm) (mmmin~'+10) (£3°)

100 6 52 45

100 4 69 41

100 2 93 35

films were calculated. For the treatment with He/air we used
100 Watt as nominal power and He flows of 2, 4 and 6 slm.
All the samples were etched for 2min. In table 1 we can see
the effect of the change of He flow rate on the etch rates, i.e.
as He flow rate increases etching rate drops. This is consistent
with decreased density of atomic oxygen at high flowrates,
as observed by the emission intensity ratios shown above in
figure 8(a) for Oxygen and Helium. At high flowrates it is
also possible that the etching rate is reduced due to convective
cooling of the sample from the He flow.

It has been shown before that plasma treatments may affect
surface hydrophilicity [32]. Namely, PMMA films before
treatments had contact angles approximately 70°. After the
treatment surfaces became more hydrophilic, with a lower
contact angle approximately 30°. We re-measured the static
contact angles of the treated PMMA samples six weeks later
between 40° to 50°. This result showed that aging of treated
surfaces with He/air plasmas has not been significant and the
surfaces remained hydrophilic, especially those treated with
low He flow rates.

4. Conclusion

In this work, we present a comprehensive analysis of char-
acteristics of the plasma generated by a novel PCB based
atmospheric pressure DBD source. We performed electrical
characterization, by using derivative probes, simultaneously
with optical diagnostics: plasma imaging and OES. By using
the data obtained from electrical measurements, we deter-
mined voltage—current characteristics and calculated power
dissipation at the plasma source. We showed that behavior of
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the electrical properties of the DBD are strongly affected by
the He-surrounding air mixture, i.e. related to the He flow.
From the analysis of higher-order harmonics we demonstrated
electrical stability of operation of the source. In addition,
ICCD recordings of spatially-resolved images and optical
spectra of the discharge provided information about plasma
structure at different operating parameters. We systematically
studied the effect of He flow rate and the power forwarded
to the device on the uniformity and emission intensity of the
plasma, attaining the parameter range of powers and flow rates
with high plasma uniformity. The high plasma uniformity
makes the discharge source suitable for material processing
over potentially large areas.

We also performed polymer treatment with the DBD source
in terms of PMMA etching and wetting measurements. We
concluded that PMMA surface aging has been significantly
retarded and the surfaces remained hydrophilic even after six
weeks, especially those treated with low He flow.

The source that has been built allows non-equilibrium
plasma formation over a wide area. It presents high uni-
formity, all the benefits of DBD operating in glow regime
without filamentation, and it is well controlled by adjusting
the gas flow, mixture composition and power. Other modes of
operation are worth exploring such as using Ar as a buffer gas,
allowing a more complex chemistry and allowing pulsing and
two frequency operation.
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Abstract. Diffuse Coplanar Surface Barrier Discharge (DCSBD) has been studied extensively for industrial
applications in recent decade. So far, limited information was available on the production of ozone or
nitrogen oxides important for industrial deployment of DCSBD. In this paper results of mass spectrometry
of DCSBD performed at atmospheric pressure are presented. DCSBD mass spectra were studied for different
oxygen contents in N2/O2 working gas mixture at low flow rate (estimated residence time in discharge
chamber was approx. 3 s). Influence of the driving frequency (15, 30 and 50 kHz) at constant high voltage
amplitude was studied as well. Ozone and NO production in DCSBD are given as typical representatives.
Production of ozone decreases with the driving frequency, which could be attributed to the gas heating at

higher frequencies.

1 Introduction

Dielectric barrier discharges (DBDs) have a promising po-
tential to succeed in many industrial applications [1]. In
order to better understand the DBD’s properties and to
control the discharge parameters, DBDs were subject of
extensive research in past decades [2]. So-called Diffuse
Coplanar Surface Barrier Discharge (DCSBD) is the DBD
with electrodes fully embedded in the dielectrics in plane-
parallel geometry [3]. The DCSBD is generated above the
dielectric plate in a form of numerous micro-discharges [4].
This results in a sub-millimetre thin macroscopically diffu-
sive layer of high power density plasma without any con-
tact with metallic electrodes [3]. This property together
with an ability to generate a macroscopically (visually)
diffuse discharge in the air at atmospheric pressure pro-
vide DCSBD with a big potential for high-speed in-line
industrial applications [5]. On the other hand applicabil-
ity of the discharge places a high demand on thorough
investigation [6] of the discharge.

In case of applications of any type of plasma, rang-
ing from low pressure up to the atmospheric pressure, the
knowledge of chemistry in the discharge and of the com-
position is of utmost importance. When it comes to the

* Contribution to the Topical Issue “Low-Energy Interac-
tions related to Atmospheric and Extreme Conditions”, edited
by S. Ptasinska, M. Smialek-Telega, A. Milosavljevic and B.
Sivaraman.

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

low pressure plasmas mass spectrometry is a well known
technique that has been used for a very long time. Lately
mass spectrometers that can operate at atmospheric pres-
sure were developed! [7-9]. These unique systems are en-
abling studies of active species (molecules, atoms and ions)
and their abundances even at the atmospheric pressure.
So far we have used HIDEN HPR60 mass-energy analyser
with several plasma sources ranging from kHz to MHz
region [10-13]. In all cases it was necessary to optimize
the operation of the mass-energy analyser and in some of
them to overcome serious problems that can occur due to
the influence of the plasma source on the HIDEN HPR60
mass-energy analyser [13].

In this paper we present the results of mass spectrom-
etry of the DCSBD plasma source, following up the pre-
liminary measurements realized in 2008 [12]. The mea-
surements were made in several mixtures of nitrogen and
oxygen and special attention was aimed at investigat-
ing behaviour of the reactive oxygen and nitrogen species
(RONS) that are of the utmost importance in biomedical
applications.

2 Experimental

2.1 DCSBD plasma source

Mass spectrometry of the DCSBD was performed
on specially designed small-form-factor plasma reactor

! http://www.hidenanalytical.com/en/.
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Fig. 1. Sketch of the experimental setup (top) and the details
of DCSBD electrode system geometry (bottom).

of the total surface area of 7.5 cm? at atmospheric pres-
sure. Firstly description of the plasma source is given fol-
lowed by a more detailed description of the diagnostic
technique and mass spectrometer.

A small-form-factor DCSBD plasma system studied in
the presented paper consists of the discharge cell, oil cool-
ing system and high-voltage power supply unit. The dis-
charge cell consists of hollow polymeric cylinder cooled
by the flow of oil. On top of the cylinder, DCSBD ele-
ment was placed. The DCSBD consists of a ceramic plate
(96% alumina) with an embedded electrode system. In
Figure 1 the schematic drawing of the DCSBD discharge
cell is given. The ceramic plate of the area of 80 x 40 mm
and thickness of 0.2 mm was used. The electrode system
consists of three plain-parallel (coplanar) electrode pairs of
45 mm length, 1.5 mm width and mutual distance (gap)
of 1.0 mm. Plasma was generated on the top of the ce-
ramic plate using an alternating sine-wave high-voltage
of the amplitude of 11.2kV and changeable frequency.
Three frequencies were used in presented study — 15, 30
and 50 kHz. The custom-made high-voltage power supply
was used. The electrical parameters were controlled using
Agilent DSO 6052A oscilloscope (in Fig. 1 labelled DSO)
and high-voltage probe Tektronix P6015A (in Fig. 1 la-
belled Pry).

The discharge was operated in the cylindrical chamber
of width of 10 cm and height of 3 mm that ensures oper-
ation in defined working gas. As the working gas the mix-
tures of nitrogen and oxygen (purity 5.0) were used, with
a constant total mass flow rate of 500 sccm. The mass flow
and mixing ratios were controlled using two mass flow con-
trollers: OMEGA FMA5518 (nitrogen) and Bronckhorst
MV-302 (oxygen). The discharge chamber was attached
to the face of the mass spectrometer, protected by 0.3 mm
thin PET foil. In case of surface discharges that operate
at atmospheric pressure sparking can occur between the
powered electrode and front plate of mass spectrometer
without the additional PET foil (or some other type of
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dielectric layer) [13]. Therefore, in order to have homo-
geneous discharge in the whole volume between the pow-
ered electrode of the DCSBD and the front plate of Hiden
mass spectrometer we have used PET foil as dielectric
layer. When measuring neutral mass spectra no observ-
able changes were noticed with and without the PET foil.

2.2 Mass spectrometry originated radicals
at atmospheric pressure conditions

In this experiment the quadrupole-based HIDEN HPR-
60 molecular beam mass spectrometer (MBMS) was used
for detection of radicals derived from the DCSBD plasma
source. MBMS has a three stage differentially pumped in-
let system that enable mass spectrometer to sample at at-
mospheric pressure. The pressures in all three stages (p; =
1.7 x 10° Torr; ps = 6.5 x 107° Torr; p3 = 4.5 x 10~7 Torr)
were kept constant during the measurements. In all mea-
surements DCSBD was attached to the front-side plate
of MBMS with the specially designed housing and sealed
with silicone rubber O-ring. This setup enabled us to op-
erate the discharge at controlled working atmosphere and
simultaneously analyse composition of the discharge. The
following working gas composition/mixture ratios were
used: N2/O4: 100/0%, 80/20%, 60/40%, 50/50%, 40/60%
and 20/80%. The distance between the DCSBD’s dielec-
tric plate and inlet orifice of the MBMS was set to 2 mm
to avoid arcing to the grounded front plate. The diameter
of the first inlet orifice was 0.3 mm.

The mass spectrometry measurements were carried out
in so-called residual gas analyser (RGA) mode. The mea-
surements were performed in two distinct regimes: a) the
mass survey spectrum recording and b) constant track-
ing of the selected species (‘time sequence’ or acquisition
measurement — MID). The RGA mode uses an internal
ionization source of MBMS for the detection of the neu-
trals derived from the analysed gas.

The mass analysis of plasma at atmospheric pressure
condition is a challenging problem. In principle two ap-
proaches could be adopted to analyse the production of
radicals in studied plasma system depending on the energy
of electrons used for analysed gas ionization. The measure-
ments can be carried out at a) certain fixed energy of ioniz-
ing electrons; or b) at variable energy of ionizing electrons
— ‘energy-resolved’ measurements. Both approaches offers
advantages, as well as serious drawbacks. It is worthy to
note the major ones and therefore the short comments on
the methods follows. If fixed energy of ionizing electrons
is used, then the information on the origin of detected
species is lost, unless a special attention to the measure-
ment protocol is paid. This is because of the energy of
ionizing electrons is usually as high as 70 eV, which is the
level sufficient to ionize, but also dissociate the detected
species, causing the detection of mass spectra signals of
radicals, that are produced not only in studied plasma sys-
tem, but also in the ionizer of the MBMS itself. Despite
this drawback, this was the chosen regime for presented
measurements, because the ionization yield can be sub-
stantially higher at this regime resulting in the sufficient
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signal to noise ratio of detected species. In following text
we will give the protocol of measurement and notes on the
justification of the conclusions based on this approach.

The other approach is the adoption of ‘energy-resolved’
measurements, at which the energy of ionizing electrons is
gradually increased and the signal of the particular radi-
cal is followed in the mass spectrum. The key benefit of
this approach is the avoidance of parasitic mass spectrum
signals, keeping the impinging electrons energy well below
the dissociation threshold of species from which the partic-
ular radical could be created. Resulting energy-dependent
signal course could be used to discriminate the radicals
created in the instrument itself from those originating
from studied plasma system. But the energy resolved mea-
surements has also the serious drawbacks, which prevented
us from the adoption of this method in our measurements
and which we would like to briefly discuss.

The energy-resolved mass spectroscopy measurements
were successfully used by co-authors for plasma-generated
species monitoring (see e.g., [13-15]) but this tech-
nique has to be implemented unambiguously with care-
ful consideration of the method limitations. Starting with
the thresholds for dissociative ionization of N and O
molecules which are 22 eV and 20 eV, respectively [7,16]
and with the thresholds for dissociation by electron impact
(that would produce neutral ground state atoms) that are
9.75 and 5.11 eV respectively [17] we see that the energy
range is reasonable and yet it is rather narrow. In that en-
ergy range ionization of atoms may occur (thresholds for
ionization are 14.5 and 13.6 eV respectively) but the cross
section below 20 eV is still quite small thus providing a
small likelihood of ionization of the fragments produced
in the ionizer.

If we take into account the NO molecule that is an
abundant product of the non-equilibrium atmospheric
pressure plasma [18] with its thresholds for dissociative
ionization (22 eV and 21 eV, respectively [7,19]) this range
where we could find N and O atoms created ‘only’ in the
discharge have to be between N and O ionization thresh-
olds and <20 eV. By taking into account the cross sections
for ionizations of N and O atoms we can see that by reduc-
ing the energy range of the ionizing electrons (for exam-
ple 15-19 ¢V) we have low ionization efficiency. At 19 eV
ionization cross section for both atoms is in the range of
0.2-0.3 x 10729 m? which is only around 10% of the cross
section maximum. This indicates that in this range of en-
ergies the efficiency of detecting N and O atoms created
in the plasma is quite low and prone to underestimation
of the real number of neutrals in the plasma.

Here we may also mention NoO molecule that is cre-
ated in plasma ([18], see Fig. 4 of our paper). The disso-
ciation thresholds for this molecule and creation of O and
N atoms start already at around 8 eV [20,21]. This means
that the signal collected for N and O atoms in energy re-
solved measurements in the range, for example, 15 eV to
19 eV also detects atoms created inside the instrument
through dissociation of NoO. The same issue is with CO»
molecules with the threshold for dissociation of 11 eV [22].
These molecules are not very abundant in the atmospheric
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pressure discharges, but still they may contribute to the
detected signal and induce some uncertainty. In addition
one has to take into account the thermal decomposition of
the species. Even if we are measuring in the ‘safe’ range of
electron energies the temperature of the electron emitting
filament is about 2000 K that will lead to the thermal
decomposition of the molecules and contribution to the
signal of neutral atoms. This is a more of an issue for O
atoms than in the case of N atoms [7].

To conclude, there are several limitations of the energy
profile technique. Most important, in the present case it
is its poor efficiency. The discharge studied in this paper
is a diffuse planar discharge with low flux of particles at
any point but with a large overall production of radicals
and atoms. This rendered the energy-resolved measure-
ment approach in case of studied DCSBD plasma source
unusable, as the signal during the energy-resolved exper-
iments of DCSBD was proven to be too low to be distin-
guished from the background noise. On the other hand
the source, with its large area and other facilities provides
numerous advantages in applications and it is certainly
important to provide diagnostics of different species pro-
duced by the plasma.

One can easily dismiss approach where only measure-
ments at 70 eV (or some such energy) are made, although
even in the present day literature there is no shortage of
papers employing such technique. In present paper a some-
what different approach was adopted, which was called
a ‘time sequence measurement’. Three temporal stages
were adopted in the measurement protocol, one when the
plasma source is turned off, one when a valve in front
of the ionization chamber is turned off and finally a stage
when plasma is turned on and connected to the mass anal-
yser. In other words the differences between the system
with and without plasma were observed, allowing for the
plasma products to be detected and tracked. The same
type of time series measurements at 70 eV was also used
by Stoffels et al. for detection of the changes in nitro-
gen, oxygen and nitric oxide molecules (among else) when
the discharge is present and when it is extinguished [18].
It should be noted, that measurements based on both ap-
proaches (‘energy-resolved’ and ‘time sequence’) were per-
formed on the same source and consistent results were
obtained [7,18].

The measurements presented in this paper were car-
ried out with the 70 eV electron energy used for ioniza-
tion of neutrals. The background signal was measured in
all experiments (molecular beam was shielded by closing
the SwageLock valve) and subtracted from the total signal
values in order to get the net signal of analysed gas. For
whole set of experimental conditions (gas mixture and fre-
quency of the supply voltage) the mass spectra of neutrals
were acquired in the range of 1-100 amu.

In order to get better insight into the behaviour of
plasma generated species high-sensitivity ‘time sequence’
measurements were performed using the acquisition mode
(MID scan). The following procedure was applied for
all measurements: firstly, the molecular beam inlet of
the mass analyser was shielded (thus blocking the signal
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Fig. 2. The mass spectrum of working gas for the following conditions: N2 /O3 ratio of 80/20 and DCSBD discharge operated
at working frequency of DCSBD 15 kHz and voltage amplitude of 11.2 kV. The spectrum is truncated at 52 amu, due to
lack of detectable signal at given experimental conditions. Asterisk-marked species are close to the limit of detection at given

conditions.

from plasma-background signal acquisition), then the in-
let of the MBMS was opened and the system was allowed
to reach the equilibrium (/2 min). After that, plasma
was ignited and system was allowed again to reach the
equilibrium (/2 min). Then the discharge was switched
off and after the final equilibrium was reached experi-
ment was completed. The whole procedure of a MID scan
took approx. 10-12 min. The behaviour of specific radi-
cals could be derived from recorded changes of the signal
when DCSBD plasma is on and off. Total variations were
determined for O3 and NO radicals for the pre-selected
current at the ionization filament of 50 pA.

3 Results and discussion

According to the described procedures of mass analysis
this section is divided into two sub-sections. Firstly, the
survey mass spectra are discussed and then results of
the high-sensitivity measurements of selected radicals are
given and discussed.

From the whole set of studied discharge conditions the
limited sub-set was chosen for presentation. For survey
spectra analysis, the typical discharge conditions used for
plasma treatment of materials were chosen, i.e., the work-
ing gas composition of 80% of Ny and 20% of O, as the
substitution of the ambient air. The high-voltage ampli-
tude of 11.2 kV at the frequency of 15 kHz were used as the
typical working conditions of DCSBD discharge. These re-
sults can be compared to the previous measurements made
on the industrial-size DCSBD system at ambient air con-
ditions in 2008 [12]. For the time-series measurements of
selected radicals the two radicals (O3 and NO) were se-
lected as the representatives of volatile compounds that
have to be controlled and monitored in industrial envi-
ronment due to their biological effects.

Due to the used mass analysis method the interpre-
tation of the data should be done carefully, concerning
the other possible sources of the species, mainly from the
reactions inside the MBMS. We based our analysis and
conclusions on the published results and protocols on at-

mospheric pressure mass analysis of plasmas, mainly on
the interpretation of the ‘time sequence’ measurements.

3.1 RGA analysis — mass spectra of the DCSBD
discharge

In Figure 2 the mass spectrum of the working gas in the
chamber of DCSBD discharge is given. The spectrum rep-
resents the discharge operated at frequency of 15 kHz at
high-voltage amplitude of 11.2 kV in the gas mixture of
80% No and 20% Oa, i.e., artificial air conditions. The
yields in Figure 2 represent relative percentage of distri-
bution of the species. The following formula was used for
the calculation of the yields: Yield = Y, ../ > Y ...
where V! - is the count of specific species (like Ng, O,
etc.) at the detector (detected as appropriate positive ion
there), see [8,11] for details.

The yields of the recorded mass spectra can give us the
relative gas composition. From the spectra in Figure 2 it
is evident that the dominant species in the discharge were
molecular nitrogen and molecular oxygen. Atomic nitro-
gen and atomic oxygen are present as the result of plasma
reactions as well as the NO radical. The OH radical is also
present due to plasma reactions as well as the decompo-
sition of water in the MBMS. Having in mind that the
spectra were obtained for the electron energies of 70 eV
the comparison of the mass spectra with and without ig-
nited discharge is necessary.

In Figure 3 effect of the discharge on gas composition
is shown. In the upper part of Figure 3 the comparison
of working gas composition not-influenced (labelled ‘PL
OFF’) and influenced (labelled ‘PL ON’) by the discharge
is given.

Although the yields of species like N, O, or NO are
relatively high, the relative gas composition of the rest of
the species with/without plasma differs only very slightly,
typically less than 1% of the relative composition (see
lower part of Fig. 3). This could be mainly contributed to
the fact that the most of detected species were produced
in the ionizer. The system was also not able to sample
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Fig. 3. The survey spectrum of working gas when the DCSBD
discharge was turned on/off for the following conditions: N2/Oq
ratio of 80/20 and working frequency of DCSBD 15 kHz (top);
the corresponding difference of counts with/without plasma
(bottom).

the gas directly from the plasma layer of DCSBD. The
sampling of discharge atmosphere had to be realized keep-
ing a minimum distance between the DCSBD discharge
and the grounded MBMS front plate to avoid arcing to
the grounded MBMS plate. Thus the post-plasma reac-
tions of direct products of the DCSBD plasma-chemical
reactions with the surrounding gas in the discharge cham-
ber could occur also. This limits a better understanding
of the reactions directly in the DCSBD plasma, but does
not limit the goal of presented research, i.e., the research
of the industrially important by-products of the DCSBD
plasma deployment.

Although the background signal in the RGA analysis
was relatively high, it can still give us an overview of the
plasma influence on gas composition.

The absolute difference of MBMS signals with and
without plasma is given in the lower part of Figure 3.
Positive difference represents an increase of the signal of
the radical after plasma ignition. We can see that the gas
composition differs significantly for the Ny and O signals,

Page 5 of 8

as these molecules are decomposed in the plasma. The in-
crease of NO indicates production of these radicals in the
plasma.

Stoffels et al. (see [7,18]) came to the (same) conclusion
that NO is produced abundantly in the plasma and Ns is
lost due to the dissociation of the molecules in plasma
itself. They have done extensive investigation for the var-
ious plasma parameters by using both methods presented
in Section 2.2. In experiments conducted by Stoffels and
Aranda Gonzalvo plasma needle was used as the plasma
source and measurements were done, like in our case, by
using HIDEN HPR60 mass spectrometer. The plasma nee-
dle is a source which is known not to produce signifi-
cant amount of O3 molecules and Stoffels and co-workers
did not observe signal due to this molecule. In our case
DCSBD produces significant amounts of ozone and there-
fore we have employed the same ‘time sequence’ method
to record it. But the ozone molecule is not the most im-
portant and especially not the only relevant molecule for
bio applications of plasma discharges. Actually its pres-
ence diminishes the use of plasmas if one needs to operate
it in the vicinity of humans. The advantage of adopted
MBMS technique (among other techniques able to give us
the information on the ozone production) is in its ability
to give us the information for all the desired molecules
(RONS-reactive oxygen and nitrogen species) in real time
and at the same time, which was our goal. When it comes
to OH radicals we cannot certainly attribute their pro-
duction to the plasma reactions, based on the conducted
experiments. Its creation in the plasma was confirmed by
mass spectrometry or other methods (see, e.g. [7,23-26], or
EPR (Electron Paramagnetic Resonance) technique [27]),
but in presented experiments we have used the pure oxy-
gen and nitrogen gasses and we did not vary, nor mea-
sure the residual humidity of the processing gas. From the
observation that the OH radical mass signal does not re-
spond to the great extent on the presence of the discharge
or not we can estimate that it is likely that the OH radicals
could arise from the residual moisture inside the MBMS
chamber.

3.2 MID scan — high-sensitivity measurement
of selected species

While the results of mass spectra presented above gave
us an overall view of the main species present in the
discharge chamber, the nitrogen oxides and ozone affect
the industrial environment even in much smaller concen-
trations (below the limit of detection used in obtaining
mass spectra). Thus more sensitive measurements were
performed only for the selected ‘important’ species, i.e.,
Ns, Oz, N, O, NO, NO,, N,O and O32. In the following,
two representatives were selected for discussion, the ozone
(O3) and the nitric oxide (NO).

2 The OH radical was measured also, but the production of
OH was attributed to the MBMS residual gas water impurities,
because of the time-series behaviour of OH radical did not
exhibit the influence on the plasma presence in the discharge
chamber.
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In Figure 4 a typical representative of the ‘MID scan’,
i.e., the ‘time sequence’ measurement of selected species
is given. The four stages of the measurement can be iden-
tified (see the boxes in Fig. 4): the residual gas traces in-
side MBMS (labelled ‘background’) and the processing gas
composition (labelled ‘gas mixture’) and the influence of
the discharge presence (labelled ‘plasma on’, resp. ‘plasma
off’). For the following calculations absolute differences of
the averaged signals of the ‘plasma on’ and ‘plasma off’
stages were used. In Figure 4 at the beginning and at the
end of the ‘plasma’ stage the inertia of the mass signal can
be seen. The attribution of this behaviour to the param-
eters of the discharge or the whole measurement system
is not clear at this moment and further analysis will be
necessary.

In Figure 5 the results of the ‘MID scan’ data process-
ing are given for the ozone (O3) and nitric oxide (NO). The
influence of experimental conditions is presented using ab-
solute differences of the averaged signals of the ‘plasma on’
and ‘plasma off’ stages.

The first sub-figure (upper) shows the behaviour of
ozone (O3) production with the respect to the discharge
conditions. The drop of the ozone production with the in-
crease of discharge repetition rate (frequency) is clearly
visible namely for oxygen-rich mixtures of operating gas.
The same effect of the decrease of ozone production with
increasing frequency was observed also in [30], but there
the maximum frequency of 2 kHz was used and the de-
crease was not so pronounced as it was seen for studied
DCSBD. The microdischarge of DBD can be treated as a
small reactor, in which the plasma-chemical reactions oc-
curs [1]. Assuming the average energy transferred per indi-
vidual microdischarge of DBD partially heats-up the dis-
charge channel [28] then the increase of the repetition rate
(discharge frequency) could result in the increase of the av-
erage discharge channel temperature. Pietch and Gibalov
stated in [29] that the increase of energy density is asso-
ciated with the increase of processing gas temperature, to
which the ozone producing chemical reactions are strongly
dependent. The same temperature effect was observed
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Fig. 5. The absolute difference of the MBMS signal after
plasma ignition in the discharge chamber for ozone (top) and
nitric oxide (bottom) as the results of ‘MID scan’ (‘time se-
quence’ measurement) signal analysis. For given species the
dependence of their production is given with the respect to
the discharge conditions shown in the figures.
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also, e.g., in [31]. In [32] the decomposition of ozone was
attributed rather to the repetitive exposure of the gas vol-
ume to the discharge in a microdischarge channel. The
temperature and gas flow effect on ozone production stud-
ied in [33] indicated, that the ozone production must be
treated as a complex interplay of the discharge condi-
tion hardly attributable to particular separated quantity.
The possible mechanisms of the drop of the production of
ozone in studied DCSBD discharge could therefore be at-
tributed to the growth of energy density at higher frequen-
cies, that leads to increase of the gas temperature through
direct and/or indirect plasma-induced heating and/or to
the higher plasma-exposure time at higher repetition fre-
quency conditions, under the same gas residence time in
the chamber (constant gas flow rate).

For low oxygen concentrations (labelled ‘100/0’) only
a few percent of remnant oxygen is present. For increasing
amount of oxygen in the discharge chamber, the difference
in ozone production due to variation in the frequency is
evident. The DCSBD operated at lowest frequency, i.e.,
15 kHz, produces considerably higher amount of ozone,
than for 30 and 50 kHz. The behaviour of nitric oxide
(NO) with the respect to the variation in frequency and
gas mixture is given in the second sub-figure (lower). Pro-
duction of NO has a peak depending on the abundance
and with the peak position varying with the frequency.
NO production is the greatest at the lowest frequency.
The maximum of the production of nitric oxide for the
lowest frequency is for the ‘50/50° gas mixture. In case
of 30 kHz and 50 kHz the maximum of NO production is
for the ‘80/20’ gas mixture. For detailed analysis of RONS
generation and equilibrium concentrations the full plasma-
kinetic model should be assembled, which is beyond the
scope of this paper.

4 Conclusion

The mass spectrometry of DCSBD discharge generated
at atmospheric pressure condition was performed. The ef-
fects of working gas composition (mixtures of oxygen and
nitrogen) and the high voltage frequency were studied on
the production of reactive oxygen and nitrogen species
(RONS), e.g., N, NO,, or Og, as they play important role
in the plasma interactions with the living organisms and
tissues. The results confirmed the substantial effects of the
high voltage frequency and oxygen/nitrogen flow ratio on
the production of RONS. The ozone (O3) and nitric ox-
ide (NO) molecules production was highest at the lowest
frequency of 15 kHz from the studied range of 15-50 kHz.
This demonstrated that the production of these species
could be suppressed or enhanced with the selection of the
frequency of the input high voltage and gas mixture.
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MASS SPECTROSCOPY OF AN ATMOSPHERIC PRESSURE PLASMA BULLET

'N. Selakovié, D. Maleti¢', N. Pua¢, S. Lazovié, G. Malovi¢, Z. LJ. Petrovié

Institute of Physics, University of Belgrade, Belgrade, Serbia
| nele@ipb.ac.rs

Wide range of potential applications of plasma sources operating at atmospheric pressure, particulatly
in medicine and biology, has led to a large expansion in their development. Before using a new plasma
source for treatment of bio-samples it is necessary to make detailed diagnostics of the plasma and, most
importantly, examine its chemical composition. We have used Hiden HPR 60 mass-energy analyzer for
the time-resolved measurements of the ionic species originated from atmospheric-pressure plasma jet.

Plasma jet was made of Pyrex glass tube with two transparent electrodes (15 mm wide) made of
polyester (PET) foil. The gap between the electrodes was 15 mm. This source operated at excitation
frequency of 80 kHz and applied voltage was in the range of 6-10 kV ;. ;e The feeding gas was
helium with flow rate of 4 slm. In all experiments distance between the plasma source and HPR60
orifice was 15 mm. We also used plastic side-covers around plasma source to prevent plasma flickering
due to ambient air disturbance. The applied current and voltage signal and HPR 60 internal gate signal

have been synchronized. The internal gate width of HPRGO analyzer was 0.5 ps.

Mass spectrometer was operated in ion mass spectroscopy mode and we have measured positive and
negative ion species coming from the plasma. The detected positive species from the plasma plume are
N,"(36%), N*(20%), O,"(18.5%), O*(16.8%), H,O"(6.1%) and a few petcentage of OH", NO", N,H"
and Ar" (see Fig.1). In case of negative ions we have detected O(34.3%), OH (24.2%), O, (10.5%) and
a few percentage of CO,, NO; and NO,. The signal of detected ions was also tracked in time for the
duration of 5 periods (5x12.5 us) of current and voltage signal.
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Fig. 1: Mass spectra plot of positive ions
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Time-resolved images of plasma bullet for different electrode
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In this paper we will present time-resolved images of atmospheric pressure plasma jet obtained by
using fast ICCD camera for several electrode settings. It will be shown that formation and position
of the plasma bullet strongly depends on the electrode geometry. The main purpose of our
investigation was the possibility of applying plasma bullet for the treatment of thermo-sensitive
samples.

A possibility to obtain the discharges of various geometries at low gas/ion temperatures and at
atmospheric pressure would be a good basis for numerous applications in the industry, biology and
medicine [1-5]. Here we study properties of an atmospheric pressure plasma jet (APPJ) operating with
sinusoidal voltage excitation at a frequency of 80 kHz. Construction of plasma jet [6, 7] allowed easy
ICCD camera capturing of the time-resolved images of the discharge between and inside the
electrodes, as well as, of the plasma bullet that is formed outside the tube/electrode system.
Experimental setup is given in Fig. 1. We will use the common term "plasma bullet" for visible
manifestations of plasma because these ionization fronts create appearance of a motion of a bullet even
though plasma itself may have a very different motion.

Signal i HV
d  Amplifier - .
generator transformer
|

HV probe => oscilloscope” | Helium flow

Fig. 1. Experimental setup

The body of a plasma jet was made of Pyrex glass tube 6 mm outer diameter and 4 mm inner
diameter. The length of the coated PET electrodes was 15 mm and the distance between them was
15 mm. The distance between the electrodes was kept constant during all measurements. The right
electrode was grounded and the other electrode, closer to the end of the glass tube, was the powered
one (see Fig. 1.). The calculated mean power transmitted to the plasma was 4 W and the flow rate of
the feeding gas (He) was 4 sim. The distance between the powered electrode and the end of the glass
tube was varied and ICCD images were taken for distances of 7, 10, 30 and 50 mm. Voltage — current
signals are shown in Fig. 2. with trigger position of 11.2 ps.

In order to obtain the time-resolved images we have used integration on the chip because the light
emission in a single shot is not always sufficient to obtain clear images with gate widths of less than
25ns. In Fig. 3. (A, B, C and D) we can see time-resolved image of plasma jet obtained by ICCD
camera for 4 different electrode distances to the end of the tube while the rest of the geometry is
unchanged. All images were obtained for the same parameters of electrical circuit and ICCD camera
settings. It is shown that, when the distances of electrodes to the edge of the tube are shorter, the
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plasma bullet is formed (see Fig. 3. — A, B and C). At the same time there is no visible discharge in the
powered electrode.

When plasma is moving through the tube, including both electrodes, it is at a much lower speed
then the speed of the bullet. With an increase of the distance of the electrodes from the edge of the tube
plasma bullet is formed but with lower emission intensity (Fig. 3. — C). For the longest distance bullet
is not emerging from the plasma jet body throughout the whole cycle period of 12.5 us. (Fig. 3. — D)
and it simply dissipates.

— Current|| — Voltage
® Trigger || e Trigger 11.2 ps
4 14
2-\ 12
< S
g o 0 %
= S
2 2
4 4
-6 T T T T T T T — -6
-2 0 2 4 6 8 10 12 14
trpsi

Fig. 2. Current — Voltage signals with 11.2 us trigger position

A
d=7mm

B

d=10mm

C
d=30mm

L L 1 L
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Fig. 3. Time resolved ICCD images for different geometry, delay of 11.2 ps, helium flow rate of 4 slm and
average applied power of 4 W. Color bar represents intensities of emission.
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GEC 2014: Session DT3

various properties of negative planar fronts. We discuss the practi-
cal and theoretical aspects of applicability of each fluid model.

'Dujko et al., J. Phys. D 46, 5202 (2013).

11:45

DT?2 8 Investigating the guiding of streamers in nitrogen/oxygen
mixtures with 3D simulations* JANNIS TEUNISSEN, Centrum
Wiskunde & Informatica, The Netherlands SANDER NIJDAM,
Eindhoven University of Technology, The Netherlands EIICHI
TAKAHASHI, National Institute of Advanced Industrial Science
and Technology, Japan UTE EBERT, Centrum Wiskunde & Infor-
matica and Eindhoven University of Technology, The Netherlands
Recent experiments by S. Nijdam and E. Takahashi have demon-
strated that streamers can be guided by weak pre-ionization in

nitrogen/oxygen mixtures, as long as there is not too much oxygen
(less than 1%). The pre-ionization was created by a laser beam, and
was orders of magnitude lower than the density in a streamer chan-
nel. Here, we will study the guiding of streamers with 3D numerical
simulations. First, we present simulations that can be compared with
the experiments and confirm that the laser pre-ionization does not
introduce space charge effects by itself. Then we investigate topics
as: the conditions under which guiding can occur; how. photoion-
ization reduces the guiding at higher oxygen concentrations and
whether guided streamers keep their propagation direction outside
the pre-ionization.

*JT was supported by STW Project 10755, SN by the FY2012 Re-
searcher Exchange Program between JSPS and NWO, and ET by
JSPS KAKENHI Grant Number 24560249.

Invited Papers

10:00 .
DT3 1 Application of atmospheric plasma sources in growth and differentiation of plant and mammalian stem cells*
NEVENA PUAC, Institute of Physics, University of Belgrade

The expansion of the plasma medicine and its demand for in-vivo treatments resulted in fast developnfent of various
plasma devices that operate at atmospheric pressure. These sources have to fulfill all demands for application on biological
samples. One of the sources that meet all the requirements needed for treatment of biological material is plasma needle.
Previously, we have used this device for sterilization of planctonic samples of bacteria, MRSA biofilm, for improved
differentiation of human periodontal stem cells into osteogenic line and for treatment of plant meristematic cells. It is
well known that plasma generates reactive oxygen species (ROS) and reactive nitrogen species (RNS) that strongly affect
metabolism of living cells. One of the open issues is to correlate external plasma products (electrons, ions, RNS, ROS,
photons, strong fields etc.) with the immediate internal response which triggers or induces effects in the living cell. For
that purpose we have studied the kinetics of enzymes which are typical indicators-of the identity of reactive species from
the plasma created environment that can trigger signal transduction in the cell and ensue cell activity. In collaboration
with Suzana Zivkovicm, Institute for Biological Research “Sinisa Stankovic,” University of Belgrade; Nenad Selakovic,
Institute of Physics, University of Belgrade; Milica Milutinovic, Jelena Boljevic, Institute for Biological Research “Sinisa
Stankovic,” University of Belgrade; and Gordana Malovic, Zoran Lj. Petrovic, Institute of Physics, University of Belgrade.

*Grants 11141011, ON171037 and ON173024, MESTD, Serbia.

/

10:30

‘DT3 2 Minimally-Invasive Gene Transfection by Chemical and Physical Interaction of Atmospheric Pressure
Plasma Flow* ;

TOSHIRO KANEKO, Depaﬂment of Electronic Engineering, Tohoku University

Non-equilibrium atmospheric pressure plasma irradiated to the living-cell is investigated for medical applications such as
gene transfection, which is expected to play an important role in molecular biology, gene therapy, and creation of induced
pluripotent stem (iPS) cells. However, the conventional gene transfection using the plasma has some problems that the
cell viability is low and the genes cannot be transferred into some specific lipid cells, which is attributed to the unknown
mechanism of the gene transfection using the plasma. Therefore, the time-controlled atmospheric pressure plasma flow is
generated and irradiated to the living-cell suspended solution for clarifying the transfection mechanism toward developing
highly-efficient and minimally- invasive gene transfection system. In this experifhent, fluorescent dye YOYO-1 is used as
the simulated gene and LIVE/DEAD Stain is simultaneously used for cell viability assay. By the fluorescence image, the
transfection efficiency is calculated as the ratio of the number of transferred and surviving cells to total cell count. It is
clarified that the transfection efficiency is significantly increased by the short-time (<4 sec) and short-distance (<40 mm)
plasma irradiation, and the high transfection efficiency of 53% is realized together with the high cell viability (>90%).
This result indicates that the physical effects such as the electric field caused by the charged particles arriving at the surface
of the cell membrane, and chemical effects associated with plasma-activated products in solution act synergistically to
enhance the cell-membrane transport with low-damage.

- *This work was supported by JSPS KAKENHI Grant Number 24108004.
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Influence of humidity on formation of pulsed atmospheric pressure plasma
streamers

N. Selakovi¢', J. Vora&, N. Pua¢', G. Malovi¢', P. Dvorak® and Z. Lj. Petrovi¢'?

! Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
? Department of Physical Electronics, Faculty of Science, Masaryk University, Kotlafskd 2, Brno 611 37,
Czech Republic
3 Serbian Academy of Sciences, Knez Mihailova 35, 11000 Belgrade, Serbia

Atmospheric pressure plasma jet (APPJ) falls into one of the most promising non-equilibrium low
temperature plasma sources which are convenient for multiple applications. In order to achieve the best
possible results in applications and explain the mechanisms that lead to the modification of the samples it
is necessary to perform a detailed diagnostics of plasma source. Many studies showed that the low-
frequency plasma jet's plume is made of fast pulsed atmospheric pressure plasma streamers (PAPS). In
this study we show that the change in the concentration of water vapour within the tube, where the
feeding gas flows, significantly affect the formation of PAPS.

1. Introduction

The expansion of low temperature atmospheric
pressure plasma sources used in the treatment of
heat-sensitive samples carries step forward in future
bio technologies, methods of healing, etc. These
kind of plasmas are particularly suitable for
treatment of the samples that do not tolerate vacuum
and, more importantly, they produce a huge number
of reactive chemical species in its composition.

We have designed and performed detailed
diagnostics of atmospheric pressure plasma jet
sources with several types of electrode geometries
[1]. It is shown that the formation and propagation
of PAPS is influenced by electrode geometry, but
also by the presence of the water vapour in the
helium flow. The propagation of PAPS as a function
of humidity of working gas was observed by using
an ICCD camera.

2. Experimental set-up

In this experiment we used APPJ [2] that
operates at 80 kHz and at 6.5 kV of applied voltage.
We have used transparent PET foils coated with
indium tin oxide as the powered and the grounded
electrode (15 mm wide). The electrodes were
wrapped around the Pyrex glass tube (O.D. 6 mm
and 1.D. 4 mm). As a feeding gas we have used
4 slm of helium and mixture of helium and
water vapour. To  perform  humidity
measurements within the flow tube we set up
Vaisala DMT143 dewpoint transmitter in front
of the glass tube. For PAPS evolution we set up
the ICCD camera that recorded the discharge
axially along the glass tube and the plume.

3. Results

During the active discharge (water vapour not
added in mixture) we noticed that the humidity
measured in the helium flow is decreasing and
the concentration of H,O molecules changes
from 400 to 25 ppm. Around 100 ppm of H,O we
observe shorter range of PAPS. At the
concentration of 30 ppm PAPS starts to lose its
original shape and it becomes increasingly
blurred. At concentration of about 20 ppm, the
PAPS appear blurred. On the contrary, a high
concentration of water molecules (above
1000 ppm obtained with mixture of helium and
water vapour) creates a saturated environment in
which discharge starts to be quenched.

This research has been supported by the MESTD
Serbia, project 11141011 and ON171037 and project
LOI1411 (NPU 1) funded by the Ministry of
Education Youth and Sports of the Czech Republic
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Understanding of the complex mechanisms of interaction between the plasma
reactive species and cells is among the major tasks in plasma medicine [1, 2].
Results show that treatment with atmospheric plasma can either improve the
growth and development of cells and in some cases induces cells death [3, 4]. In
order to investigate this phenomenon, we have used plant callus cells as a model
of eukaryotic cells, due to their distinctive features and simplicity in handling.
After the plasma treatment with different combination of discharge parameters
which yield different plasma parameters (densities of charged species and
neutrals, electron energies, UV radiation intensity), we have performed surface
analyses (XPS) in order to determine plasma effects on the surface.
Consequently we have monitored growth and viability of the callus cells (fresh
weight increase, MTT test, fluorescent vital staining techniques).

Plasma treatment of plant tissue is demonstrated on fresh plant calli of Iris
germanica var. “HP” (fam. Iridaceae), about 3 mm diameter in size. Calli were
grown on Murashige and Skoog (MS) solid medium [5], containing 30 gl-1
sucrose, 7 gl-1 agar, 0.1 gl-1 myo-inositol, 0.1 mgl-1 2.4-dichlorophenoxyacetic
acid (2.4-D), 0.1 mgl-1 1-naphthaleneacetic acid NAA, 1 mgl-1 kinetin, 0.25 gl-
1 proline and 0.25 gl-1 casein. Callus is a distinctively organized mass of
proliferating cells, with specific morphology and anatomy, and may be obtained
from almost any type of plant. According to the explants origin (and type of
medium) compact or friable calli may be formed [6].
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Plasma needle setup used in our previous research [7] was used to treat calli
cells. Temperature was monitored not to exceed 40°C and it was found that there
is no influence of the helium gas flow and plasma generated UV light (through
the quartz window).
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Fig.2. a) Vs as the function of I,,,;; b) Average power delivered to the plasma
(blue line).

Voltage-current characteristics show that the discharge is operating in alpha
regime. Derivative probes were used to determine the power delivered to the
plasma (see Fig.2. b) blue line). Low powers were used in order to avoid the
sample overheating to more than 40°C. It was also found that there is no
influence 