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Abstract This study investigated the characteristics of an atmospheric pressure air-glow
discharge with a liquid cathode. Distilled water was utilized as the cathode. The electric
field strength, gas temperature as well as the emission intensity of some No(C3TT, —B3I1 )
and OH (A?ST —X2I1) bands were measured at a discharge current ranging from 15 to
50mA. Based upon the data obtained, the reduced electric field strength, E/N, and effec-
tive vibrational temperatures for No(C311,, X! Z; ) and OH (A2Z+) were examined. The
electron energy distribution function (EEDF) and some electron parameters (average energy,
electron density and rate coefficients) were obtained based on a numerical solution of the
Boltzmann kinetic equation. The result showed that the EEDF was not in equilibrium and
the effective vibrational temperatures for N (C311,, X! Zg‘ ) were essentially higher than the
gas temperatures.

Keywords Atmospheric pressure plasma with liquid cathode - Emission spectrometry -
Gas temperature - Electron characteristics

1. Introduction

A gas discharge excited between an external anode and an electrolyte surface as a cath-
ode is well known [1, 2]. Nevertheless, there is limited experimental data on these sys-
tems. Gas phase studies were performed mainly to examine the irradiation spectrum of
metal-containing compounds using optical emission spectroscopy (OES) analysis. Unlike
conventional sources, it is relatively easy to transfer a solute into the gas phase using the
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cathode-sputtering phenomenon of a liquid cathode. Many researchers reported that an
excitation source like this allowed the analysis of many elements [3-6]. Kanzaki et al. [7]
obtained very important results in the viewpoint of both application and theory. The yield
of oxidative products generated was more than 7 times higher than those expected from
Faraday’s law. This makes this system quite attractive because it induces a different type
of oxidative process in the liquid phase including the heterogeneous phase. For example,
surface modification of polymeric materials in the liquid phase is also possible. However,
this type of application has not been fully investigated.

It is well known that the primary process of gas activation is electron impact. Therefore,
in order to analyze and interpret the process regularity, it is necessary to know the elec-
tron gas parameters including the electron energy distribution function (EEDF). Reliable
experimental methods for obtaining EEDF under high-pressure plasma conditions have not
been fully developed. For example, any procedures for handling the probe current-voltage
characteristics as well as microwave data require a priori information about the EEDF form
and the charged particle movement [8]. In particular, some studies [9—12] that investigated
the characteristics of an air atmospheric pressure discharge with two non-metallic electrodes
assumed that the EEDF was close to a Maxwellian distribution. According to their results,
the electron “temperature” was Te ~ 3500-4000K. This value was obtained based on the
assumption that the electron “temperature” needs to be similar to the “temperature” at the
excited level of N> molecules. They [9, 12] estimated the electron density to be ~ 102 ¢m—3
at a discharge current of 60 mA by analyzing the probe characteristics and microwave mea-
surement results. Under the same conditions, the rotational and vibrational temperatures,
which were obtained from the irradiation intensity distributions of the molecular bands in the
second positive system of the N> molecules (c3rn, »B? I, transition), were 2100 &= 200K
and 4200 + 200K, respectively.

The main aim of this study was to obtain information on the EEDF form and electron charac-
teristics from the numerical solutions of the Boltzmann equation. In order to obtain solutions, it
isnecessary to know some related plasma parameters such as the mole fraction of the main gas-
phase components, the total particle density, N, and electric field strength, E (more precisely,
the reduced electric field strength, £/N). These parameters were obtained experimentally.

2. Experimental
2.1. Experimental set-up

Figure 1 shows a schematic diagram of the experimental set-up. The discharge cell was
exposed to ambient air and there was no gas control. A DC power supply with a 30k<2 ballast
resistor was used to excite the discharge under one atmospheric pressure (AP). A high voltage
(upto 4kV) was applied between the aqueous cathode and copper anode, which was placed at
the position 1-5 mm above the liquid surface. The liquid was connected to the negative pole
of the power supply with a copper electrode. The distance between the anode and the liquid
surface was adjustable. The discharge current was varied from 15 to 50 mA. Distilled water
was used as the cathode. The emission spectra were recorded within the wavelength range of
200-850nm using a compact multi-purpose spectrometer (grating of 600line/mm) (Tagan-
rog Optical Equipment Co., Russia) equipped with a FEU-106 photomultiplier tube (PMT)
(Moscow Electron Lamp Co., Russia). The signals detected by the PMT were converted into
voltage signals with an analog current amplifier (U5-11, Krasnodar Company of Measuring
Equipment, Russia), and then recorded with an X-Y recorder (N306, Krasnodar Company of
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Fig. 1 Experimental set-up DC power supply
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Measuring Equipment, Russia). The distance from the discharge to the spectrometer entrance
slit was 55 mm. The spectral sensitivity of the optical system was measured by substituting
plasma zone irradiation for the emission of a wolfram luminous element (tungsten filament
band) in a SI-8-200U calibrated lamp (Moscow Electron Lamp Co., Russia) with a known
luminance. The sensitivity threshold was ~10'! quantum emitted in 1cm?® of plasma per
second at A = 380 nm.

2.2. Determination of gas temperature and C311, (N), A2X (OH) “vibrational”
temperatures

The rotational temperature was obtained by modelling the distribution of the emission inten-
sity for the non-resolved rotational structure of the N»(C311, —»B3 I1;, 0-2) band. According
to the reference [13], the band structure was expressed as a superposition of the rotational
line intensities of Ry, Ry, R3, Py, P2, P3, Qz and Q3 branches, which overlapped due to the
action of the spectrometer transfer function. It is believed that the distribution of molecules at
the rotational levels is a Boltzmann distribution with the appropriate rotational temperature.
The intensity factors and molecular constants were taken from the references [14—16]. The
spectrometer transfer function was obtained from profile measurements of single Ne-line
using a Ne-low pressure lamp as a source.

The relative band profile was calculated using temperature as a parameter. This profile was
normalized to the peak intensity of the band, and was fitted using the least square method. The
fitting accuracy of temperature obtained using this method was approximately 50 K. These
errors were less than the reproducibility errors. The reproducibility errors were calculated
based on five or more measurements using a confidence limit of 0.9.

Estimations revealed that under operating conditions, the rotational degrees of freedom
need to be in equilibrium with the translational ones i.e. the rotational temperature and gas
temperature needs to be the same.

The intensities, Iy’ y», of the 0 — 3,1 — 4,2 — 5,3 — 6,4 — 7 bands for the
Cmn, —B31 ¢ transitions were obtained by integrating the appropriate band profile. The
data obtained from the equation, Nyv = Ny—gexp(—AEy /kTy), was plotted using
the coordinates of Ln[(Ao,1/Av v)(Iy: v /1p,1)] = f(AEy’), where Ay v is the radia-
tion probability of the appropriate transition, and A Ey is the vibration energy for the C3IT,
(V') state counted off from the V' = 0 level. After fitting the data using the least square
method, vibrational temperature, Ty, was determined from the slope of the fitting curve.
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The molecular constants at the C3IT, (V') state were taken from the reference [15], and the
Ay yr values were obtained from reference [17]. The intensities of the AZY XM —
0), (0 — 0) and (2 — 1) OH bands were obtained using the same method.

2.3. Measurement of electric field strength

The discharge voltage was measured between the anode and negative electrode as a function
of the distance between the anode and liquid surface. The voltage drop on the water layer
was measured in advance. This value was then subtracted from the voltage measured. In
any case, this voltage was negligible compared with the voltage drop at the discharge zone.
The voltage-distance dependence was extrapolated to a zero distance in order to obtain the
cathode drop value and electric field strength (E) in the plasma column.

2.4. Calculation of electron characteristics and vibrational temperature for N2(X1 E; )
ground state

As reported by Gordiets et al. [18], it was assumed that the population of the different CTT,
vibrational states was accomplished by electron impact from the vibrational levels of the
X! Eg ground states. However, unlike Gordiets et al. [18], it was also assumed that the main
destruction process of the C3I1, vibrational states was not radiation decay but quenching via
collisions with the plasma forming gas molecules. Indeed, the radiation probabilities for the
different C3TI1, states were ~2x 107 s~![17], whereas the quenching rate constants by O,
H,0 and N, molecules were ~107'9 cm3/s [19]. The quenching frequency was estimated to
be ~4 x108s~! at a particle density of 4x10'® cm™3. Applying the above assumptions, the
following five equations can be written because only five transitions were observed from the
C311, (V' = 0 — 4) in the irradiation spectra

Ne-Nyi_g - D [KyroexpAEy: /kTy)]=Z] - Ny,_g-expAEyr_o/kTyr) (1)

v/

. (@)

. 3)

J “)

N, - N/V,ZO.Z [Ky/ 4exp(—AEy: /kTy)]= zgﬂ Nyi_o-exp(—AEyi_4/kTyr), (5)
V/

"
V//=0
are X! Eg‘ and C3 IT,, which are the concentrations at the zero vibrational level, respectively;

where summation needs to include all the vibrational levels of the X' 2 g state; Ny, _q, N

Ky yn is rate constant for excitation of the C*IT, V" level from the X! Eg V' level as aresult
of electron impact; AEy+, AEyr are the vibrational energies for the X! Eg‘ and C31'Iu states
counted off from the zero level, respectively; Ty, Ty~ are “vibrational” temperatures for the
X! Eg and C3T1, states, respectively; N, is the electron density and Z 5// is the quenching
frequency.

The rate constants were calculated from the following equation:

2e [
Kyryn = /»/ f(&) oy yn(e) - ¢-de, (6)
Me Jg(V', V")

where e, m, are the electron charge and mass, respectively; f (¢) is the EEDF; oy y» is the
process cross-section and ¢(V’, V") is the threshold energy, ¢ is the electron energy. The
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EEDF was calculated from the numerical solution of the Boltzmann equation (see below).
The cross-sections were obtained using the approach described elsewhere [20]. As a result of
analyzing the different data, it was shown that the cross-sections for the C3I1, (V') excitation
from X! Zg(V”) could be written as follows:

oy yr(e/e(V V")) = IM|* - q(V', V") - F(e/e(V', V")),

where |M,|* = 38 x 10~ 18 cm? is the square of the matrix element for the electronic transi-
tion and ¢ (V’, V") is the Frank—Condon factor of the V' — V" transition; F(s/s(V', V"))
is the universal function of the ratio of the electron energy to the threshold energy.

Suppose that Z 5// values are the same, the system of equations can be solved for 7Ty by
minimizing the sum of the square of the difference in the left and right sides of (1)—(5). The
use of less than ten vibrational levels for the X' Z; state was quite sufficient for obtaining a
solution.

The EEDF was obtained from the solution of the homogeneous Boltzmann equation using
a two-term expansion in spherical harmonics. The collision integrals concerning the charge
particle formation were written in a similar manner used for usual inelastic processes. This
is possible because the electron energy losses in these processes are negligible (< 0.01%)
compared with the losses for other inelastic processes. This means that the Boltzmann equa-
tion can be solved independently on the charge balance equations considering that £/N and
N, were used as the fixed parameters.

With these assumptions, the Boltzmann equation has the form

d d
% (ﬁj];) = Je + Jine + Jees (7)

where the EEDF has the following normalization:

/f(s) e de = 1.
0

In Eq. (7), B is expressed in S.I. units as follows:

e* (E\? -
=) () -

where o/" is the momentum transfer cross-section for electron collisions with heavy particles
i and §;is the mole fraction of this type of particle.
J. is expressed in S.I. units as follows:

d df
Jo=—2 (k1L 1y
¢ da( gyd£+y f)’

where Ty is the gas temperature and

mg.
y = 2m, (Z U;w’) -&® + 66 Y (hcBy)o] 5,

. 1
1 1

where M;, B;, o] are the mass, rotational constant (cm~1) and rotational cross-section for
heavy particle i, respectively.
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The inelastic collision integral can be written as:

Jine = ZZ& [coi@ /(&) = e+ ejdaie +eji) f e+ e |
+Zza (201" £ () = (& = eun)of" e = em) f e = )]

where o'l is the cross-section for an inelastic collision of type j electrons with a particle of
type i and 07" is the cross-section for the superelastic collision of a type / electron with an
excited particle of a type m and ¢j; and &, are the corresponding threshold energies. The
superelastic cross-sections were calculated using the appropriate first order cross-sections
according to the detailed balance principle.

The electron—electron collision integral has the following form:

1 [é2 2
Joe = —— (—) SeLn(A)
8t \ &9

x L [f(s) / "2 f(erde + 2 ( / "2 f(e)de + 62 / ” f(s)de)] ,
de 0 3de 0 &

where g9 = 8.854 x 10~ 12F.m~!, which is the electric field constant, and 8, is the electron
mole fraction. Ln(}) is the Coulomb logarithm that is expressed as follows:

127 (e)3/%62/?

Ln(h) = L
e

where ¢, is the average energy of the electrons and N, is the electron density.
The electron density was calculated from the equation for plasma conductivity as follows:

j=eN.,Vp,

where j = anleZ is the current density, i is the discharge current, R is the plasma column

radius, Vp = —% (%) 2 (£) x Jo~° ﬁ %de is the electron drift velocity.

The radius of the plasma column was obtained by measuring the radius of the glowing
column using a digital camera. The square of the column radius increased in direct propor-
tional to the increase in the discharge current but the current density increased more rapidly
than the discharge current (from ~3.3 A/cm? at 15mA up to ~4.8 A/cm? at 50mA) and the
input power density jE.

Since the solution of the Boltzmann equation depends on the electron density (through
the e—e collisions) and on the X! = vibration level population (via the superelastic colli-
sions), an iterative procedure was used for calculation. The electron densities and the effective
vibration temperature at zero iterations were both equal to zero. After solving the first step
of the Boltzmann equation, the electron density was obtained from the equation for plasma
conductivity, and a new value for the vibration temperature was calculated by solving Egs.
(1)—(5) up to the convergence of the numerical procedure. The mathematical details of the
solution are described elsewhere [21].

It is believed that the plasma forming gas consists of N2(78.1%), 02(21%) and Ar(0.9%)
in the case of dry air. In the case of humid air, water vapor with a content that changed during
calculation was added. In this condition, the N7:0,:Ar ratio was the same as for dry air.

The cross-sectional areas of O, Ar and H>,O were taken from the literature [22-24]. The
set of N, was obtained from reference [18].
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Fig. 2 Change in the electric E, V/icm 2
field strength and reduced electric EMN, Vem
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3. Results and discussion

The results showed that the electric field strength was kept within a positive column under a
fixed discharge current. As shown in Fig. 2, the electric field strength and the total voltage
drop in the positive column were slightly decreasing functions with respect to the discharge
current. Figure 2 also shows the reduced electric field strength calculated from the measured
E and T values. The gas temperature obtained on the base of the rotational temperature of
N2 (C31y, V/ = 0) did not depend on the discharge current (Fig. 3). The temperatures are
close to those (2100 % 200 K) reported in reference [9].

Figure 4 shows the measured intensities of the C3IT,—B>II ¢ bands. These intensi-
ties using the coordinates, Ln[(Ao,1/Av' v»)y v /lo1)] = f(AEy), showed that the
N»(C311, V) distribution on the vibration levels was practically Boltzmann (Fig. 5). There-
fore, the use of the temperature term was correct. Figure 3 shows the (C3IT, V') vibrational
temperatures, which do not depend on the discharge current nor the gas temperature. The

Fig. 3 Vibrational temperatures T, K
of the N2(C3 ITy) state (1) and the

gas temperatures (2) versus the 4500
discharge current B S g 77777777777777777777777 I--- L -g* L
4000 | I i T R I
3500 - 1
3000 -
2500
2 -
L R .
1500 T oo -
2
1000 . ! . ! . L . .
10 20 30 40 50
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Fig. 4 The emission intensities I, a.u.
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values obtained are consistent with the data (4200 & 200 K) reported elsewhere [9]. Similar
to the (C3I1, V') state, the population of A2X V' vibration levels can be characterized by
the appropriate temperature. However, unlike the (C>T1, V') state, this temperature shows a
linear dependence on the discharge current and the changes in the gas temperature at 15 mA
to ~3200K at S0mA (Fig. 6). In any case, this temperature is lower than for the (C*I1, V")
state.

The main problem with the EEDF calculation is that the molar content of water vapor is
unknown. The existence of OH irradiation bands is clear evidence of water in the plasma
zone. According to an indirect estimation [11], the concentration of water vapor can reach
30-40%. For this reason, two different calculations for dry air and humid air were carried
out. In the latter case, the water mole fraction was set as a parameter. The effective vibration
temperatures for the Np ground state were not affected by the presence of HO. The
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Fig. 6 Vibrational temperatures T.,K
of the N ground state (1) and OH v
(AZx) vibrational temperatures I H—/F—§—‘§
(2) versus the discharge current 4000} 1
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temperature was the same as for the (C?*11, V') state and was equal to 4200+100K (Fig. 6).
Hence, the molecular distribution of the X! & g‘ lower vibrational levels is similar to that of the

(C31M1, V') state. If the mole fraction of H,O is taken to be > 0.2, the average electron energy
expressed in temperature units (g, = 3 kZT“) becomes lower than the vibration temperature.
This is impossible from a theoretical point of view. For this reason, 20% is probably the
upper limit of the H,O content. However, the characteristics of the electron gas, particularly
rate constants of the processes with a high threshold energy, will depend strongly on the
water mole fraction. The difference between the excitation rates of the different vibrational
(C311, V') states, which were obtained from the sum of the electron impact excitation rates
from (X! 2;, V), is one order of magnitude (Figs. 7 and 8).

Nevertheless, both curves estimate the intensity dependencies of the discharge current to
be similar to those measured experimentally (Fig. 4). Hence, the assumption regarding the
formation-destruction processes for the (C311, V') state is quite realistic. The curves obtained
reflect the strong dependence of the EEDF “tail” on E/N. Figures 9 and 10 shows the cal-
culated EEDF. The EEDF is similar to Maxwellian in the region of slow electrons. The main
difference is observed for fast electrons. The appearance of water vapor essentially decreases
the amount of high-energy electrons. This is due to the water momentum transfer cross-sec-
tion larger than the cross-sections for the other plasma components. At the same time, the
rate coefficients for processes with relatively low threshold energy (vibrational level excita-
tion) slightly depend on the EEDF form. So does the electron drift velocity. Elastic collisions
and vibrational level excitation are the main processes building up the EEDF under these
experimental conditions. Up to 95% of the electric field energy is consumed in the process of
excitation from the molecular ground states to the vibration levels through electron impact.
This value does not depend on the discharge parameters. Therefore, the V-T relaxation is
the main source for gas heating, and reactions involving vibration states are important for
the discharge chemistry of this type. As mentioned above, the input power density increases
with increasing discharge current. The action of this factor should lead to an increase in the
gas temperature. However, the temperature independence on the discharge current suggests
the presence of other cooling factors that have a large effect on the increase in the discharge
current. This can be the increase in heat conductivity and/or heat-transfer coefficient on the

@ Springer



552 Plasma Chem Plasma Process (2006) 26:543-555

Fig. 7 The calculated excitation 16 3 -1
rates of the different W, 10" cm's

N2(C3 Iy, V) levels at the mole 2r
fraction of water vapor of 0.0
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Fig. 8 The calculated excitation
rates of the different

N2(C3My, V) levels at the mole | 1 2. V=1
fraction of water vapor of 0.2
10 k
10"k
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plasma—gas interface. The increase in water evaporation with increasing discharge current
might be responsible for this effect. Nonetheless, the heat conductivity for water vapor is
almost twice that for dry air [25].

For low pressure plasma in air, the (X' 2; , V) vibrational temperature slightly depends
on the pressure at a fixed discharge current and strongly depends on the discharge current
at a fixed pressure [18, 26]. This is due to an increase in the electron pumping frequency,
which is faster than the V-T exchange frequency. However, in our case, the increase in the
electron density (Fig. 11) with increasing discharge current from 15mA to 30mA does not
result in an increase in the Np(X! Eg' ) vibrational temperature. This is possible if the main
reason for forming and destroying the vibrational level is electron impact. Indeed, the K1g
rate coefficient for the N V-T relaxation at 2000K is 1.4 x 10~ cm?/s [27]. The V-T
relaxation frequency was calculated to be 5 x 10%s™! by taking the particle density to be
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Fig. 9 Calculated EEDF (1, 2) at
thel5 mA discharge current. The
dotted lines (1, 2') are the
Maxwellian EEDF with the same
average energy as for the
calculated EEDF

f(e), eV*?
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2,2'- ¢,=0.504 eV, 20% H,0
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Fig. 10 Calculated EEDF (1, 2) ap
at the 30 mA discharge current. f(e), eV
Dotted lines (17, 2/) are the
Maxwellian EEDF with the same
average energy as for the 1
calculated EEDF 10

1,1'-¢.=1.19 eV, 0% H,0
2,2'-¢,=0.304 eV, 20% H,0

3.9 x 10" cm™3. At the same time, the deactivation rate coefficient of the V = 1 level as a
result of electron impact was K{, ~ 6 x 10~2 cm3/s. At an electron density of 6 x 1012 cm =3,
the appropriate deactivation frequency is approximately 4 x 10*s~!. A study [27] reported
that, in the case of the Boltzmann vibrational distribution and the Maxwellian form of EEDF,
the electron temperature needs to be equal to the vibrational one on account of the bal-

ance between the forward and backward processes e+ M (V = 1) KM} ! e+Mr(V= 0),
where Ko, K19 are the rate coefficients of the electron impact excitation of the forward
and backward processes, respectively. Using the rate coefficients and the relation, N, N (V =
1)K10 = N.N(V = 0)Ko, it is possible to estimate the effective temperature, Zeft, to be
NV =1)/N(V =0) = Ko1/K10 = exp(—AE10/ Tefr). Tesr = 5500 K = 0.48 eV was
obtained using Ko = 3.3x107% cm?/s, K19 = 6x10~2 cm3®/s and AE19=3393 K ~ 0.3 eV.
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Fig. 11 Calculated parameters N, Cm-3 e eV
of electrons. 1, 2 are the average e a 1.4
energy, 1/, 2/ are the electron
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At the Maxwellian form of EEDF, the T¢¢r value can be related to the average electron energy,
&4, in the form of Teff =2¢,/3. Thus, ¢, =0.72eV. Certainly, the EEDF is not Maxwellian
but the vibrational level excitation processes have a low threshold energy (0.3eV for 0 — 1
transition) and the low energy EEDF part is responsible for the rate coefficients. However, in
this region, the EEDF is close to a Maxwell distribution. At least, the difference between the
estimated T¢fr value of 5500 K and the experimental value of 4200 K is not great. Moreover,
the value, ¢, =0.72 ¢V, can be obtained if it is assumed that the water mole fraction is <20%
(see Fig. 11).

Unfortunately, no quantitative explanations on the OH vibrational temperatures could be
made due to the lack of appropriate kinetic data. It is possible that the OH radical forms
as a result of H>O dissociation via electron impact followed by excitation into the A2y
state. The process of dissociative excitation by electron impact is improbable due to the high
threshold energy needed, HO+ e—>OH(AZZ)+H(S)+e, sex ~ 9.2eV. Unlike the emis-
sion of N C*IT, —B3T1,, the intensities of the OH (A?X) bands increased with increasing
discharge current in the same manner as the OH vibrational temperature shown in Fig.6. Due
to the high threshold energy (eex ~4.1¢eV), the OH (A%Y) excitation frequency via electron
impact cannot increase. Therefore, this increase is related to the increase in the water concen-
tration. The proximity of the gas temperature and OH vibrational temperature suggests that
the V-T relaxation process plays an important role. If main plasma forming gases except
water vapor participate in these processes, then the increase in the OH vibrational tempera-
ture can be related to the increase in the excitation frequency for the OH vibrational levels
due to the increase in the electron and water vapor concentration with increasing discharge
current.

4. Conclusions

Experimental data showed that atmospheric pressure air glow discharge was a non-equi-
librium system. The vibrational temperatures of some plasma components are higher than
the gas temperatures. The EEDF was different from the Maxwell distribution, particularly
in the region of fast electrons. However, the N, ground state vibrational temperature was
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close to the average electron energy in appropriate units. Elastic collisions and vibrational
level excitations were the main processes for building up the EEDF under these experimental
conditions. The plasma properties strongly depend not only on the original plasma forming
gases but also on the transfer processes from the liquid to gas phase.
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