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Properties of non-equilibrium plasma in the transverse arc
discharge that occurs in air and argon jets at atmospheric
pressure have been investigated by optical emission spectroscopy.
The temperatures of population of excited electronic (7)),
vibrational (7)), and rotational (7)°) states of molecular and
atomic components in plasma have been determined, and their
distributions along the gas flow have been studied. A high level
of plasma non-isothermality, i.e. T;* < Ty < T, was found to be
caused by different scales of characteristic times of elementary
kinetic processes in the dynamic gas-discharge system. The
revealed difference between the values of T} for copper atoms
Cul (the electrode material) and for oxygen OI, hydrogen HI, and
argon Arl atoms (the components of a blowing gas) was explained
by the availability of an additional electron-ion recombination
mechanism of populating the excited electronic states of copper
atoms, which is almost inactive for the atoms in the blowing gas.

1. Introduction

Generation of non-equilibrium low-temperature plasma
in gas discharges at atmospheric pressure acquires
recently the more and more importance, because
it makes possible to enhance the power efficiency
of plasmochemical processes and to expand the
opportunities of wusing this plasma in various
plasma technologies, in particular, in the fabrication
of semiconducting structures, deposition of thin-
film coating, synthesis of nanopolymer materials,
modification of high-molecular compounds, purification
and sterilization of environment, as well as in other
power-, eco-, and biotechnological applications [1-7].
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An important feature of mnon-equilibrium gas-
discharge plasma is related to the fact that
the population temperatures of excited electronic,
vibrational, and rotational energy levels in molecules and
atoms do not coincide with one another [8]. The factor
of non-isothermality, when the temperature of electrons
considerably exceeds the characteristic temperature of
the heavy component (ions, atoms, molecules, radicals),
has fundamental significance for the kinetics of non-
equilibrium plasmochemical processes. Therefore, the
determination of the excitation character and the
research of the spatial distribution of non-isothermality
in plasma is a very challenging problem [9].

Among electric discharges which can generate high-
pressure non-equilibrium plasma (a spark, a corona,
and so on), an interesting object for researches is a
transverse arc, which is blowing by the gas flow [10].
Unlike the Czernichowski gliding arc [11,12], the blown
transverse arc has a fixed length of the current channel
and the convective cooling of the plasma column.
Intensive transverse ventilation of plasma enhances
its ionization non-equilibrium and non-isothermality.
Different setups functioning on the basis of self-sustained
and secondary discharges with the use of a transverse
arc have been successfully tested by us for the plasma
treatment of various gaseous and liquid substances
[13—20]. However, in spite of certain achievements in
applications, there still exist a lot of unresolved issues in
understanding the physical processes which occur in
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Fig. 1. Schematic diagram of a transverse arc discharge

plasma generated by similar discharges and which
require further studies.

The traditional method of diagnostics of non-
equilibrium plasma is optical spectroscopy [21]. The
emission spectra of arc plasma in an air flow are
multicomponent and simultaneously contain atomic
lines, molecular bands, and recombination continua
of air plasma components, as well as atomic lines
given by the products of electrode emission, which
frequently overlap; the latter circumstance considerably
complicates their identification, interpretation, and
treatment [22,23]. Even the spectral devices with high
resolution capability do not always solve this problem
completely. Therefore, as an alternative approach,
spectral measurements are used in combination with the
computer simulation of synthetic spectra, which takes
the parameters of the instrumental functions of real
devices into consideration. Just such an approach to
diagnostics — in particular, the numerical simulation of
spectral bands with an unresolved rotational structure
[24-26] and multiplet lines with a poorly resolved
structure [17] in order to determine the population
parameters for vibrational-rotational excited states of
molecules and excited electron levels of atoms — was used
in this work for studying the character of plasma non-
isothermality in a blowing transverse arc.

2. Experiment

Experiments were carried out using a plasmodynamic
setup with a transverse arc discharge [20]. The schematic
diagram of the experiment is presented in Fig. 1.
Cylindrical copper water-cooled electrodes with the
diameter d = 6 mm were used. The electrodes
were arranged coaxially one against another; the
interelectrode gap was 6 = 1.5 mm. A steel nozzle
with the internal diameter @ = 1 mm was installed at
the distance H = 20 + 30 mm between the electrodes
and perpendicularly to them. The nozzle was used to
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supply a compressed gas (air or technical argon). The
gas flow rate G was varied within the range 40 —
180 cm?®/s. The arc discharge was powered by a high-
voltage dc power supply with dropping output voltage-
current characteristics, using a ballast resistance. The
discharge current I; was varied within the interval of
100 — 400 mA.

Optical diagnostics of plasma was carried out
by approved methods of emission spectroscopy [16—
18]. Plasma radiation was registered by a high-speed
multichannel optical spectrum analyzer (MOSA) based
on the PC-operated SOLAR SL40-2-USB diffraction
spectrometer with a 3648-pixel CCD-detector sensitive
in the range of 200-1100 nm (the spectral resolution was
about 0.7 nm). Measurements were carried out in various
transverse cross-sections of the arc and the afterglow
along the axis of the gas flow z; in so doing, the point of
intersection of the z-axis with the axis of the electrode
system was taken as the zero coordinate, z = 0. The
image of the arc, which was located at a five-fold focal
distance L from the quartz lens, was focused onto the
entrance slit of the spectrometer (see Fig. 1).

3. Methodology

The population of the excited electronic levels of atoms
and the vibrational-rotational levels of molecules in
plasma were determined on the basis of the relative
intensities of the emission lines of copper Cu, oxygen
O, hydrogen H, and argon Ar atoms and molecular
bands of nitrogen Ns; these are the main components
in the multicomponent spectrum emitted by plasma in
the transverse arc with copper electrodes in the flow of
air and argon.

In order to determine the population of the excited
electronic levels of atoms, we used the well-known
expression for the intensity of a non-reabsorbed spectral
line I [22] which is radiated by the nonhomogeneous
transparent layer of plasma with thickness [ and is
registered by a spectral device with the range of vision
larger than [:

g1f12
I=C Ny,
LB 2
1
NQZ/N;dx, (1)
0

where (7 is a numerical constant; ¢g; and g are
the statistical weights of the lower and upper levels,
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respectively; fio is the oscillator strength; A is the
wavelength; and N3 is the concentration of atoms in
the upper level.

To determine the population of the excited electronic
levels of oxygen atoms, the relative intensities of
the emission lines of multiplets were measured. The
intensities of the resulting lines of multiplets with
a poorly resolved structure were calculated by the
following expression:

(91f12)er N2

I, =B
0 A g2

(91f12)e = KZ (91/12); (2)

where B is a numerical constant, \,, is the wavelength
of the most intensive component in the multiplet, N
is the concentration of atoms in the upper level, K is
the proportionality factor, and 7 is the component order
number in the multiplet. The spectroscopic constants
(the wavelengths, energies of upper excited levels,
statistical weights, and oscillator strengths) were taken
from the NIST electronic database [27].

In the case where spectra are registered by devices,
whose resolution capability allows one to observe the
occurrence of multiplet structure, a certain coefficient
K should be introduced for correction of the sum of
products “the statistical weight times the oscillator
strength” of the corresponding multiplet components.
In work [17], the simulation for oxygen multiplets
was fulfilled taking an instrumental function of the
Gaussian type into account, and the dependence of the
coefficient K on the instrumental function halfwidth
w; was studied in the range from 0.2 to 2.0 nm. It
was shown that this correction coefficient K must be
taken into consideration, if the spectra are registered by
devices, whose halfwidths of instrumental functions are
of the order of the spectral distance between multiplet
components (wi < d0J;), i.e. while observing a poorly
resolved multiplet structure.

In the general case, the character of the population
of excited levels in non-equilibrium plasma can differ
from the Boltzmann law, with the corresponding
temperatures population differing from one another [§].
Therefore, the Boltzmann distribution of the population
of excited levels over energy has to be verified.
Provided that there is an exponential dependence for
the population variation of the corresponding excited
levels N3/ g2, one can formally introduce the definition of
the corresponding population temperature T™ for excited
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levels in non-equilibrium plasma, i.e. the electronic, T},
vibrational, T}, and rotational, T, temperatures.

The method for the determination of the temperature
of population of excited vibrational levels 7', which
use the relative intensities of emission vibrational bands
of nitrogen molecules, proceeds from the assumption
that the vibrational temperatures in the ground and
electronically excited states are close to each other
[28]. The expression for calculating the population of
vibrational levels in the upper electronic state C3II,, of
the second positive system of molecular nitrogen, which
arises owing to the optical transition between electronic
states C®II, and B3Hg, is as follows:

e )

MNgsz+m(ZL
gc'B’ * VC/B//

where C' is a numerical constant, vcs g is the frequency
of transition, I g~ is the intensity of the vibrational
band, N¢: is the population of the upper excited
level, and gorpr are the Franck—Condon factors which
determine the relative probability of the electronic-
vibrational transition.

The technique applied for the determination of the
population temperature for excited rotational levels 1%,
which uses the relative intensities of emission molecular
bands with unresolved vibrational-rotational structure,
is based on the comparison of the numerically calculated
spectral bands with experimental data [24-26]. As the
main object of the simulation, band (1 —4) of the second
positive system of molecular nitrogen (the transition
C — B) was selected. Such a choice was caused by the
fact that this band is free from the overlapping with
other spectral lines. A only shortcoming of using this
band is its low intensity with respect to other bands
of the system concerned. It is widely adopted that, in
the ground electronic state of molecules, the distribution
function over rotational levels is the Boltzmann one,
with the temperature equal to that of the translational
degree of freedom [1]. It is also known that, for excited
electronic states of molecules as well, the distribution
function over rotational levels is close to the Boltzmann
one [8]. This results from the fact that, when electrons
and molecules collide, the momenta of molecules change
insignificantly.

For the determination of the population temperature
of the rotational levels of nitrogen molecules, the relative
intensities of the vibrational-rotational bands were
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Fig. 2. Population distribution of excited electronic levels of argon

atoms in the transverse arc plasma

used:

F !/
IJ’J” = CU4 eXp (_7(:1))7 (4>

where [j/j» is the intensity of a rotational line for the
transition J' — J”; C' is a numerical constant; F'(J')
is the energy of rotational term for the components
31y, 311, and 11 of the excited electronic state; J' and
J'" are the rotational quantum numbers of the upper
and lower states, respectively; and S/ ;» are the Holn—
London factors which govern the relative probability of
the vibrational-rotational transitions.

The magnitudes of rotational terms for the
components of an excited state of nitrogen molecules
and the values of Héln—London factors were calculated
for all components of the energy states by making use of
the expressions taken from work [28].

4. Results and Discussion

In this work, we determined the population temperatures
T? of excited electronic levels of copper atoms available
in plasma using the data on the relative intensities of
emission spectral lines with the following wavelengths:
A = 465.1, 510.5, 515.3, 521.8, and 578.2 nm. Again,
for hydrogen atoms, we used data for A = 656.3 and
486.1 nm; for argon atoms, data for A = 415.9, 603.2,
667.7, 763.5, 852, and 912 nm; and for atomic oxygen,
data for multiplets with A = 777.4, 844.6, and 926.6 nm.
This very choice of spectral lines was caused (i) by their
sufficient intensity, (ii) by the absence of the overlapping
between the majority of those lines and other spectral
bands, and (iii) by the largest difference AFE5 between
the energies of upper excited levels of corresponding
spectral transitions that is important for the diminishing
of the temperature determination error given by this
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technique. In the calculations of level populations, we
used the expressions obtained from Eq. (2):

Ny Iy N3 < EQ)
2 _p exp (—22), 5
92 g1fi2 P Ty 5)
Ng) FEs
In{—)=InAd-——, 6
<g2 Ty (©)

where B and A are numerical constants, Fs is the
excitation energy of the upper level, and T is the
population temperature of excited electronic levels.

The character of the population distribution over
energy in the excited electronic levels of argon atoms
in the transverse arc plasma is shown in Fig. 2.
From this figure, one can see that the dependence
is close to a linear one, which made it possible to
determine, by the slope angle of the straight line,
the population temperature T (Ar) ~ 0.35 eV. We
also tested the Boltzmann character of the population
distribution of excited electronic levels in oxygen and
hydrogen atoms (the components of the gas flow) and
copper ones (the material of electrodes). The following
values for the population temperatures were obtained:
T5(0) = 0.35 eV, TS (H) = 0.5 eV, and T(Cu) =
0.8 eV. It should be noted that the temperature
determination error for 77(H) was larger than those
for T} (O), T, (Cu), and T} (Ar), because the population
temperature of excited electronic levels in hydrogen
atoms was determined using the data for only two
emission lines H, and Hg (the line H, was not
observable in the spectra due to its very low intensity).

The spatial distributions of those temperatures in
plasma along the gas-flow (coordinate z) are shown in
Fig. 3.

Since the basic ions in low-current arc are ions
of the electrode material, an additional mechanism of
populating the excited electronic levels in copper atoms,
besides the excitation by electrons, can appear owing to
electron-ion recombination; this mechanism is inactive
for the atoms of a blowing gas. Our researches of
the distributions of the intensity of copper emission
lines along the gas-flow coordinate z revealed a non-
monotonous character of those dependences. A reduction
of the intensity in the interval z = 11 + 20 mm and
the simultaneous growth of the population temperature
of excited electronic levels of copper atoms in this z-
interval (Fig. 3,b) can testify to the emergence of the
recombination mechanism of their population. In our
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Fig. 3. Population temperature distributions of excited electronic
levels of copper, oxygen, hydrogen, and argon atoms and excited
vibrational levels of nitrogen molecules along the flow coordinate
z in the transverse arc plasma: (a) argon (Ig = 400 mA, G =
75 cm?/s), (b) air (I; = 480 mA, G = 40 cm3/s): x — T (Cu), O
- Tp(H), O Tr(Ar), o - T7(0), & — T (N2)

opinion, it is this circumstance that can explain the
difference revealed between the values of population
temperature for excited electronic levels in the atoms
of a blowing gas and in copper atoms.

In order to determine the vibrational temperature
of molecules in plasma, we tested the Boltzmann
character of the population of excited vibrational levels
in the second positive system of molecular nitrogen
(bands (0 — 0), (1 —4), (0 —2), (1 —3), and (2 —
4)). From the slope of the linear section in the
population distribution of excited vibrational levels, the
vibrational temperature T,y was determined. The spatial
distributions of population temperatures of the excited
electronic and vibrational levels in plasma along the flow
(coordinate z) are depicted in Fig. 3,b.

The results of numerical simulations of the emission
spectrum of vibrational-rotational band (1 — 4) of the
second positive system of molecular nitrogen depending
on the rotational temperature 7} are presented in Fig. 4.

By imposing experimental data on the theoretically
calculated grid of temperatures T;* for band (1 —4), the
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Fig. 4. Theoretically calculated (1 —4) band for N2 (the transition
C'— B). Markers denote experimental data for air plasma at various
z (H = 30 mm, Iy = 480 mA, G = 150 cm?/s)
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Fig. 5. Distributions of the rotational temperature T}F of nitrogen
molecules along the flow coordinate z in air plasma for two regimes
of discharge current Iy (H = 30 mm, G = 150 cm?/s)

values T = 0.05+0.1 eV was determined. The obtained
data are somewhat lower than those calculated for band
(0—0) (T, = 0.1+0.15 eV). It is related to the fact that
band (0 — 0) of an Np-molecule (transition C — B with
the wavelength A = 337.1 nm) is overlapped by intense
band (0 — 0) of NH (transition A3l — X3%, branch Q
with the maximum at A = 336.01 nm). Therefore, it is
expedient to determine the rotational temperature in the
transverse arc plasma in the air flow on the basis of the
relative intensity of band (1 — 4) of molecular nitrogen
(transition C' — B).

In this work, we also studied the spatial distribution
of the rotational temperature 7, in plasma along the
flow [the dependence on the distance z from electrodes
(see Fig. 5)]. The increasing character of this dependence
may testify that the gas heating occurs owing to the
convective heat exchange between gas particles and the
current channel at a periphery of the transverse arc. A
more detailed explanation of the revealed distribution of
T requires further researches.

Near values for the population temperature of
electronic levels of argon atoms and for the vibrational
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and rotational temperatures of molecular nitrogen
(Toxc=(4110 £ 230) K, Ty;»,=(2100 £ 150) K, and
Trot=(1100 £ 100) K, respectively) were obtained in
work [26] for the non-equilibrium plasma of a gliding
arc at atmospheric pressure. Supposing that our blowing
transverse arc is similar to the gliding one — because both
discharges are realized in the transverse gas flow, — the
comparison of the results obtained for similar discharge
parameters seems quite correct.

5. Conclusions

In this work, the population temperatures of excited
electronic, T}, vibrational, T,, and rotational, T,
levels of molecular and atomic components in
atmospheric plasma of transverse arc discharge have
been determined, and the dynamics of their spatial
distribution along the gas flow has been studied. It has
been demonstrated that all regimes under investigation
are characterized by a high degree of plasma non-
isothermality.

The revealed difference between the values of T
for copper atoms (the electrode material), on the
one hand, and oxygen, hydrogen, and argon atoms
(the gas flow components), on the other hand, has
been explained as a manifestation of an additional
electron-ion recombination mechanism which is active in
populating the excited electronic levels of copper atoms,
but inactive for the atoms of a blowing gas.

The inequality of the temperatures, T, < T <
T, and the different characters of their distributions
along the flow — in particular, a gradual growth
of the rotational and vibrational temperatures with
the distance from the electrodes, in contrast to the
practically constant electronic temperature — are caused
by different ratios between the characteristic times
of transport processes in the dynamic gas-discharge
system and the characteristic times of excitation of the
corresponding energy levels in different components of
plasma. But this effect demands further researches.
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Kyiv National University (DBT No. 06BP052-03) and
the Ministry of Education and Science of Ukraine
(theme No. M/176-2006 and the Program of scientific
cooperation between the Polish Academy of Sciences and
the National Academy of Sciences of Ukraine).
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JIOCJIJI?KEHHSI HEI3OTEPMIYHOCTI ATMOC®EPHOI
TIJIABMU TIOITEPEYHOTI'O AYTI'OBOI'O PO3PAIY

1.B. IIpucasicnesun, B.5. Yepnsax, B.B. FOxumenxo,
B.B. Haymos, C. Mametwix, 5./I. Ckanani, M. Cabo

Peszowme

MeTtomamu OnTUYIHOT €MiCiTHOT CIIEKTPOCKOMIT JOCTIIZKEHO BJIACTH-
BOCTi HEPiBHOBAKHOI IIJIA3MH IIOIIEPEYHOrO JyTOBOIO PO3PALy B
[IOTOII] MOBITPsI Ta aproHy aTMOC(EPHOro THUCKY. Busnadeno tem-
epaTypu 3acesleHHsI 30y/P)KEHUX eJIEKTPOHHUX T, KOJIMBaJIbHUX
T Ta obeprampuux T, cTaHIB MOJIEKYJISAPHUX i aTOMapHUX KOM-
[TOHEHTIB IJIA3MH, & TAaKOK BUBYEHO PO3NOiNA IHUX TEMIEPATYP
B30B2K ra30BOro HoToKy. [loka3aHo BUCOKU piBeHb Hei3oTepMid-
HOCTi mtasmu, T, <Ty <T}, 3ymoBieHOI pisHnMu Macurrabamu xa-
PaKTEPHOro Yacy Iepebiry egeMeHTapHUX KiHEeTHIHHUX IIPOIECIB y
AuHAMIYHIN ra30po3psiaHii cucremi. BusiBjieHy pisHUIIO MiXK 3Ha-
gennsamu T mus aromis migi Cul (MaTepian eseKTpoAiB) Ta JJis
aromis kucuo OI, Bomuio HI, apromy Arl (koMmoHeHTH ra3oBo-
ro MOTOKY) IMOSICHEHO HAsIBHICTIO JOJATKOBOIO €JIEKTPOH-IOHHOTO
pexoMOiHanifHOro MexaHi3My 3acesIeHHs 30y ?KeHUX €JIEKTPOHHUX
piBHIB aTOMIB Mifi, SIKMI NPaKTUYHO BiICYTHIN JyIs aTOMIB 06/Iy-
BAIOYOI'0 Ta30BOr0 IIOTOKY.
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