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Determination of the reduced electric field in surface
dielectric barrier discharge plasmas

In this paper the experimental determination of the reduced electric field (E/n) in plasma of dielectric copla-
nar surface barrier discharge (DCSBD) at atmospheric pressure was demonstrated. The plasma characteristics
and the experimental setup properties were described, and the optical emission spectrum of the plasma was
also measured. The results of optical emission spectroscopy showed the presence of nitrogen molecular bands
in the emission spectrum of DCSBD. In particular, the second positive and the first negative systems, as well
as low intensity OH and NO lines were identified. The main transport properties of electrons,such as mobili-
ty, mean average energy, and diffusion coefficients were calculated using the BOLSIG+ open source soft-
ware. The dependence of the ratio of intensities of the nitrogen spectral lines on the reduced electric field, the
dependence of the E/n on plasma power, and the dependence of the electron energy distribution function
(EEDF) on E/n were obtained. An algorithm in the form of a block diagram for determining the reduced elec-
tric field by the BOLSIG + program and experimentally measured spectral line intensities are presented. The
utilized method are quite simple, accessible and versatile.

Keywords: plasma, dielectric barrier discharge, spectroscopy; reduced electric field, lines intensity, nitrogen
spectrum, Boltzmann equation.

Introduction

Dielectric barrier discharge (DBD) is a discharge ignited between electrodes, one or both of which are
covered with a dielectric [1, 2]. The DBD can generate high-density atmospheric pressure plasma jets using
an air flow as a source gas [3]. At the same time, the generation of DBD does not require large vacuum in-
stallations, which favorably distinguishes its operation in comparison with other types of discharges [4]. An-
other distinctive feature of the dielectric barrier discharge is the ability to generate low-temperature, “cold”
plasma at atmospheric pressure, which is-a’key point in the processing of crops, biological samples, and var-
ious polymeric and heat sensitive materials. Also, atmospheric pressure plasma (APP), obtained on the basis
of a dielectric barrier discharge; isswidely used in plasma medicine, water disinfection, nanotechnology and
thin film coating [5, 6].

There are two types.of dielectric barrier discharge: volume dielectric barrier discharge and surface die-
lectric barrier discharge. A bulk DBD consists of two parallel electrodes covered with a dielectric layer, or
two electrodes.located on a dielectric plate. Plasma is generated in the volume of the gap between the elec-
trodes. The configuration of the surface dielectric barrier discharge is as follows: one electrode is located on
the surface of the dielectric plate, the other electrode is embedded on the other side of this plate and the dis-
charge isdgnited directly on the surface of the dielectric [7]. There is also a surface coplanar dielectric barrier
discharge, which occupies an intermediate position between volume and surface discharges. The difference
between this discharge is that both electrodes are built in into the dielectric, and the discharge is ignited on
the surface of the dielectric.

The wide range of applications of atmospheric pressure plasmas requires a detailed study of the optical
properties. The electric field plays a key role in the motion and spatial distribution of charged particles in
low-temperature plasmas. The advantage of optical diagnostic methods is that they are non-contact and do
not affect the object under the test. Methods based on optical radiation or absorption are characterized by
relatively simple measurement equipments.

Several spectroscopic methods can be used to determine the values of the electric field. One of the opti-
cal methods is Thomson scattering. However, in such case the scattered laser signal is very weak and several
orders of magnitude lower than the incident laser beam, and therefore requires an accurate and expensive
installation to evaluate it. Also, there are special requirements for the laser: the laser power must be high
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enough to obtain an intense scattered signal, and at the same time laser radiation should not introduce pertur-
bations on the diagnosed plasma itself [8].

The Stark shifting is also used to measure the electric field of atmospheric pressure plasmas. Stark polari-
zation spectroscopy uses the Stark effect, which affects the emission spectra depending on the local electric
field. Electric fields cause a splitting of energy levels, and a shift of these levels, depending on the electric field.
In general, the Stark shift is widely used for dense plasma with electron density above 10'® cm™, and for these
plasma conditions, the theoretical data that can be taken for evaluation are well studied. However, this method
requires a monochromator with very high resolution, which is usually not easily available [9].

The method of fluorescence spectroscopy includes exposure of the object under study and collection of
scattered radiation. Next, a spectrum is generated with different intensities in a given wavelength range.
The disadvantage of this method is the necessity to use additional CCD (charge-coupled device) cameras, for
visualization of laser-induced fluorescence, which complicates the measurement process [10].

This article demonstrates the determination of the reduced electric field (E/n) of a coplanar surface bar-
rier discharge by measuring optical emission spectroscopy and solving the Boltzmann equation [11].
The described method is quite simple, accessible and versatile.

Experimental setup

The experiments were carried out on an RPS400 setup. The RPS400 is an.atmospheric pressure plasma
generator which provides an uniform plasma area of approximately 8 cm x 20 cm:. The RPS400 system uses
a diffuse coplanar surface barrier discharge cell to generate plasma at ambient air, which enables the pro-
cessing of plastics, metal, wood and glass based products. A schematic diagram of the DCSBD setup is
shown in Figure 1 [12]. The conductive electrodes are parallel to each other and embedded in a ceramic die-
lectric. Plasma is formed on the ceramic surface over an area of 80 'mm * 200 mm and reaches a height of
about 0.3 mm. The electrodes are made of silver with width of 1.8 mm, thickness of 0.1 mm, length of 230
mm and are located at a distance of 1 mm from each other. The thickness of the ceramic layer between the
electrodes and the plasma is 0.4 mm. The discharge was activated by a sinusoidal high voltage (17 kHz, ap-
proximately 3 kV peak-to-peak) supplied with an HV plasma power supply. The power of the supplied dis-
charge can be manually adjusted from 80 W to 400 W.

Spect
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Figure 1. The schematic diagram of electrodes and optical measurement system of DCSBD

Method for determining the reduced electric field

To study the chemical composition and kinetic reactions of the discharge the optical properties of the
DCSBD were studied. To achieve this goal the SolarSystems optical emission spectrometer was used. The
spectrometer consists of an optical lens system that records a signal collected in a single unit, an optical fiber
and the spectrometer itself. Signal registration is performed by a linear Toshiba TDC1304CCD detector. A
personal computer was used to digitize and process the signal.

The ratio of the intensities of the spectral lines of nitrogen can be represented in the form of equation
(1) [13]. The left side of the equation is the ratio of the intensities of the nitrogen lines, is found experimen-
tally through the obtained spectrum, and the right side, in particular the reaction rate constant (), is found
numerically through the BOLSIG + program [14]. The rest of the values are constant for certain experi-
mental conditions (Table 1):
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where R is the intensity ratio of the nitrogen lines, / is the intensity of the certain line, k is the reaction rate
constant, 7, is the lifetime of excited or ionized states of nitrogen molecules, 7 is a parameter that depends
on the sensitivity of the photo detector, 7,;, is the lifetime in air, indices B and C indicate the following reac-
tions (ionization and excitation) of the nitrogen molecule [15]:

NS (B2, 9 =0 - X?¥},9 =0),391,4 nm,

N,(C31,,9 = 0 - B3[1;,9 = 0), 337,1 nm.

R =

Table 1
Lifetimes of radiative and of excitation states of some excited states of a nitrogen molecule and‘ion
Reaction of a nitrogen molecule Radiation lifetimety (ns) | lifetime of excitation states Ty (ns)
(c3m,9=0-B%1,9 =0) 40 0,62
(B?%i,9 =0 X*%f,9 =0) 60 0,134

From the obtained spectrum we could find the ratio of the intensities of the first negative system of the
nitrogen molecule N; (B2Y;,9 = 0 > X?Y},9 = 0) to the second positive system of the nitrogen molecule
N,(C3M,,9 = 0 - B3Iy, 9 = 0), which appear at wavelengths of 391.4 and 337.1 nm, respectively.

At the same time, in the BOLSIG + program we can calculate the reaction rate constant, choosing dif-
ferent values of E/n and appropriate database for cross sections. BOLSIG+ is a free and user-friendly com-
puter program for the numerical solution of the Boltzmann equation for.electrons in weakly ionized gases in
uniform electric fields, conditions which occur in swarm experiments and in various types of gas discharges
and collisional low-temperature plasmas. The principle of the program and the formulas used are described
in detail by the authors of this program [11].

When the experimental data coincide with the numerical result (BOLSIG +), we extract the electron en-
ergy distribution function (EEDF), which is the main quantity for studying kinetic processes in plasma and
other transport properties for their further use in calculations and numerical simulations. If the results do not
coincide, we return to the selection of E/n in the BOLSIG + program until they coincide with our experi-
mental results. This algorithm is graphically:displayed in Figure 2.
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Figure 2. Algorithm for determining the reduced electric field by calculating transport properties
in the BOLSIG + program and experimental measurement of the intensities of nitrogen spectral lines
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Results and discussion

The experiments were carried out in the plasma power range from 200 W to 400 W with a step of 50 W.
It can be seen from the results of the experiment that with an increase in power the surface of the DCSBD
discharge cell is gradually filled with multiple microdischarge channels (Fig. 3). Complete filling of the sur-
face is observed at a power of 220 W. At a power of 400 W the surface of the discharge cell is uniformly and
closely filled with dense plasma. Below discharge cell surface images are shown at 220 W applied power
(the surface is completely filled with micro-discharges) and at a power of 400 W (maximum power) (Fig. 3).

a) b)

Figure 3. Images of the surface of the discharge cell at powers of 220 W'(a) and 400 W (b)

Using optical emission spectroscopy, the chemical composition of the DESBD was determined. Molec-
ular nitrogen bands, namely the second positive (N, (C-B)) and the first negative (N, + (B-X)) systems were
observed in the emission spectrum. In Figure 4 the observed peaks from 300 nm to 470 nm are composed of
OH (308 nm) radicals, N, (337 nm and 357 nm) and N," (380 nm, 390:am, 427 nm and 470 nm). Due to the
large number of nitrogen molecules in the atmosphere, nitrogen bands are naturally dominant. OH radicals
are also visible due to the presence of water vapor in the air [16]. The line intensities of other radicals and
chemically active molecules, such as NO, which are common for air plasma under room conditions, were
negligibly low due to the low density and effective collisional quenching of the corresponding excited states.
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Figure 4. DCSBD spectrum different applied powers

The values T (391,4 nm) and T-(337,1 nm) show the sensitivity of the photodetector at the respective
wavelengths. Information on the sensitivity of the photodetector is indicated in the technical documentation.
In the technical documentation of our Toshiba TDC1304 optical device the wavelength starts from 400 nm,
but we are interested in the wavelength from 300 to 400 nm, namely 337.1 nm and 391.4 nm, where the rota-
tional structures of the nitrogen molecule are recorded. To find the sensitivity of the wavelengths of interest
to us, we extrapolated the graphical data (Fig. 5). As a result, the sensitivity ratio of the photodetector at the-
se wavelengths was Tb/Tc =1.19.

To calculate the total intensity of the nitrogen spectral lines, the molecular spectrum was integrated over
the wavelength taking into account the rotational structure of the molecule. After calculating the total intensi-

38 BecTHuk KaparaHamHcKoro yHueepcuteTa



Determination of the reduced electric field...

ty of the lines of interest to us, their ratio was calculated for further comparison with the results obtained by
solving the Boltzmann equation.
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Figure 5. (a) the sensitivity of the'photodetector from 400 to 1200 nm, (b) estimation
of the sensitivity in the range of 300—400 nm using the extrapolation of the graph

As mentioned above, the BOLSIG + program was used to solve the Boltzmann equation for electrons.
The input parameters are the E/n value, the composition of the plasma-forming gas in a percentage, the de-
gree of ionization, the gas temperature, and the overall density of particles. As a result, the solution of the
equation gives transport properties, including the reaction rate constants k, which was subsequently used to
numerically calculate the ratio.of spectral lines. The rate constants for different values of E/n are shown in
Table 2. The results of determining the ratios of spectral lines and their dependence on the values of the re-
duced electric field are shown in Figure 6. Figure 6 shows that the dependence in the range from 400 to 600
Td is linear. This graph can be used as a gradient-level curve and is convenient in that it allows to quickly
and visually evaluate the reduced electric field, comparing it with the obtained experimental ratios of spectral
lines.

Table 2
Reaction rate constants for different values of reduced electric field
. Reaction rate constants(m’/s
ReduceEd/rfl(eTCg)‘C field N,(C311,,9 = 0 - B311,,9 = 0) NZS(BZ)Z{;,ﬁ =0- X2y}9=0)
11 eV (A=337.1 nm) 18,7 eV(A= 391 ,4nm)
420 0.2032E-14 0.9336E-16
430 0.2085E-14 0.1014E-15
480 0.2330E-14 0.1465E-15
520 0.2503E-14 0.1886E-15
560 0.2658E-14 0.2658E-14
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Figure 6. Dependence of the intensity ratio of the spectral
lines N3 (391,4) and N,(337,1) on the reduced electric field (E/n)

Further, the above procedure was repeated for different E/n. Figure 7 demonstrates the dependence of
the reduced electric field on the discharge power. It is expected that an increase in.power leads to an increase
in E/n as an increase in power is accompanied by an increase in high-voltage applied to the electrodes of the
discharge cell. The obtained values of E/n for air plasma in a surface barrierdischarge are in agreement with
the results of other related works [17,18] where the investigated plasma and discharge geometry, conditions
are quite similar.
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Figure 7. Dependence of the reduced electric field on the discharge power

EEDF is important for studying the various properties of the plasma, since it is necessary for characteri-
zation of kinetic processes with the participation of electrons [19]. The EEDF obtained for different values of
the reduced electric field shows an increase in the energy and also in the number of fast electrons at the tail
of the distribution (Fig. 8). At the same time, the number of low-energy electrons decreases slightly. The in-
crease in the electron energy can be explained by the fact that the increase in E/n makes an additional contri-
bution to the kinetic energy of the electrons, since the electrons mainly gain the energy due to the electric
field, accelerating by the Coulomb forces in the gaseous medium. In our case, an increase in E/n means a
direct increase in the electric field, since the pressure of the plasma-forming gas remains constant at room
conditions. A slight decrease in the number of low-energy electrons is due to the fact that their energy also
increases and they contribute to the number of high energy electrons on the tail of the EEDF.
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Figure 8. The electron energy distribution function at different values of the reduced electric field

In addition to the EEDF, solving the Boltzmann equation using the BOLSIG + program makes it possi-
ble to determine the transport properties of electrons, such as average energy, mobility, diffusion coefficient,
and Townsend coefficient, the results of which are shown in Table 3.

Table 3
Transport coefficients for different values of the power
Power Mean energy Mobility*N Diffusion coefficient Townsend coefficient o

(W) (V) (m*V*s)™) ((m¥s)™) (m)

200 8.962 0.8318E+24 0.5339E+25 0.4318E-20
250 9.098 0.8264E+24 0.8264E+241 0.4535E-20
300 9.643 0.8067E+24 0.5562E+25 0.5427E-20
350 10.18 0.7888E+24 0.5732E+25 0.6345E-20
400 10.71 0.7722E+24 0.5894E+25 0.7279E-20

The quantitative values of these-parameters allows to correctly model and calculate various kinetic
properties of a gas-discharge plasma at atmospheric pressure by different numerical simulation methods.

Conclusion

A method for the determination of the reduced electric field (E/n) of diffuse surface dielectric barrier
discharge plasma by emission spectra was demonstrated. The method is based on the experimental measure-
ment of the intensity ratio of nitrogen spectral lines and the solution of the Boltzmann equation. The experi-
ments were carried out at different applied powers from 200 W to 400 W with a step of 50 W. The depend-
ence of the line intensity ratio on E/n was obtained, and the main transport properties of electrons and EEDF,
which are necessary for-numerical simulation of plasma properties, were calculated. The dependence of E/n
on the‘applied discharge power was plotted. The obtained experimental data might be useful for the study of
kinetic processes of DCSBD plasma.
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JAmanekTpiaik 0eTTiK TOCKAYbUIIBIK Pa3PAATAFbI INIA3MAHBIH
MEHIUIKTI 3JIEKTP OPiCiH aHBIKTAY

Maxkanana arMocepaiblk KbICBIMIAFbl JIMAJICKTPIIK KOIUIAHAPIIBIK OCTTIK TOCKAYBULABIK Pa3psATarbl
(AKBTP) wmenmikri amektp epicin (E/n) skcmepmMmeHTTIK Typae aHBIKTay KepcerinreH. Ilmasma Men
9KCHEPUMEHTA/IBIK, KOH/BIPFBIHBIH TapaMeTpiiepl CUMaTTalnFaH KOHE IIa3MaHbIH ONTHKAIBIK SMHUCCHSIIBIK
criekTpi anbIHIbl. ONTHKAJBIK SMHUCCHSIIBIK CIIEKTPOCKOMHsHbIH HoTkenepi JJKBTP coynerneHy criektpinzie
MOJICKYJTaNbIK a30T JKOJAKTapBIHBIH OOJYbIH KOPCEeTTi, aram aWTKaHjAa, eKiHIN OH jkoHe OipiHumi Tepic
KyHenepi, COHbIMEH KaTtap HWHTeHcuBTUliri TeMeH OH ixone NO chekTpiik ChI3BIKTap Kykeci.
DNeKTPOHAP/IBIH HETi3ri TachIMAJIBIK KacHeTTepl peTiHAe KO3FalFBIITHIK, opTaiia 3Heprus, auddysus
kodddunuenti BOLSIG+ ambik OarmapriaManblk KacaKTaMachblH KOJJAHA OTBIPHIN ecentesi. MeHIikTi
NIEKTP OPICIHIH a30TTHIH CHEKTPIIK CBHI3BIKTAPBIHBIH HMHTEHCHUBTUITIHIH apaKaTblHAChIHA TOYEJJIUIIT,
KyaTTBIH JKOHE DJIEKTPOHAAP SHEPrHsACHIHBIH Tapaly OyHKumschiHBH (DOT®d) E/n-re Toyemmimiri
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anpikranasl. BOLSIG+ 6argapnaMachkiHa MEHIIIKTI DJICKTDP OPICIH aHBIKTAY KOHE CIIEKTPIIK ChI3BIKTAP/IbIH
MHTSHCHBTLIITIH OJIlIey alropuTMi Oiok-cxema Typinjae kepcerinret. Ilaiinananbuirad of1ic OHAIBIFBIMEH,
KOJDKETIM/IUTITIMEH jKoHE SMOeOaNnThIFPIMEH SPEKILICICHICH.

Kinm cesodep: mna3zma, AUAIEKTPIIK Oapbepiik pa3psif, CIEKTPOCKOINHS, MEHIIIKTI 3JI€KTpP Opici, CHI3BIKTap
MHTCHCHBTLIIr, a30T cHeKTpi, bombiMan TeHueyi.

A.A. Myranum, E.A. Ycenos, A.K. AkuiibinHOBa,
M.K. Hoc6onaes, M.T. 'abnymmun, T.C. Pamazanos

Onpenesnenne NpUBeIEHHOr0 JIEKTPUYECKOI0 MOJISl B IJIa3Me
AMIJIEKTPUYECKOr0 MOBEPXHOCTHOI0 0apbepHOro pa3psiaa

B crarteke mpomeMOHCTPHPOBAHO SKCNEPUMEHTALHOE ONpEeTIeHHE MPUBEJEHHOTO 3IeKTPHUYECKOr0 MO
(E/n) andiekTpuyueckoro KOIIaHapHOTO MOBEpXHOCTHOTO Oapweproro paspsaa (JKIIBP) npu atMocdeprom
napiaeHnd. OMHCaHbl XapaKTePUCTUKY TIa3Mbl U SKCIIEPUMEHTAIbHON YCTaHOBKH, OBbLT MOTyYEeH ONTHYECKUI
SMUCCHOHHBIA CHEKTpP Ta3Mbl. Pe3ynbTaThl ONTHKO-3MHUCCHOHHOM CIEKTPOCKONWH TIOKa3alu Hajludue B
cnexrpe usnydenus JKIIBP monexynspHbIX IONOC a30Ta, & IMECHHO BTOPOH MOJIOXUTEIBHON M HepBOi 0T-
punartenbHoi cucreM, a Taxoke JuHUM OH 1 NO ¢ HU3KOH MHTEHCHBHOCTBIO. BbIIM paccuuTaHbl OCHOBHBIE
TPaHCHOPTHEIE CBOMCTBA AJIEKTPOHOB, TAKUE KaK ITOJBIKHOCTD, CPEIIHSS SHEPTUs, KO3hGUIueHT muddys3un,
C IOMOMIBIO OTKPBITOro ImporpamMmuoro nakera BOLSIG+. bpuin nony4eHsl 3aBUCHMOCTH. COOTHOIICHUS] HH-
TEHCUBHOCTEH CNEKTPAJIbHBIX JIMHUI a30Ta OT MPHBEICHHOTO 3IEKTPUUECKOTQ OIS OT MOUIHOCTH, GyHKINH
paciipeneneHus: SHepruu 3MeKTpoHoB (PPDD) ot mpuBeneHHOro 31eKTpudeckoro noid. [Ipencrasnen anro-
PUTM IEUCTBUI AJIS OIIpeAeICHUs] IPUBEIEHHOTO JIeKTpudeckoro nois B mporpamme BOLSIG+ u skcnepu-
MEHTAJIBbHOTO U3MEPEHUs] HHTEHCHBHOCTH CIIEKTPAlIbHBIX JINHUH B BUJiE O10K-cxeMbl. Vcronbp30BaHHbIH Me-
TOJI OTJIMYAJICS JOCTATOYHOU IPOCTOTOM, JOCTYIHOCTBIO U YHHUBEPCATbHOCTBIO.

Kniouesvie cnosa: Iiasma, Z[I/I3H€KTpI/I‘IeCKI/H71 6apLepHLII71 paspsi, CICKTPOCKOIHUA, IIPUBEIACHHOC
DJIEKTPUHICCKOC 10JIC, UHTCHCUBHOCTDH HHHHﬁ, CITIEKTP a30Ta, YPaBHCHUC EOJILIIMaHa.
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