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The experimental results on the gas temperature measurement in the active zone of streamer discharge in air at
the atmospheric pressure are presented. The gas temperature value was obtained by the optical method for measur-
ing the relative intensity of the rotational lines for the radiation of the second positive (11*) system of molecular ni-
trogen, transition bands (C,IT,(0) — B,IT, (0)). It was found that in discharge gap d = 8 mm, depending on the ap-

plied voltage (in the range of 6.1...7.8 kV with a step of 0.2 kV), the gas temperature varied from 609 to739 K. The
unevenness of the gas temperature change in the active zone of discharge with the increase in the applied voltage is
shown. This may be related to the possible changes in the rotational state of nitrogen molecules upon excitation of

their electronic state by electrons.
PACS: 52.80.Hc

INTRODUCTION

To study the plasma-chemical and physical process-
es occurring in the gas discharge plasma, in many cases,
measuring the gas temperature in the discharge zone is
required. By determining the gas temperature, the in-
formation on the intensity of ionization processes can be
obtained and the boundary conditions, under which the
discharge transition to a spark breakdown occurs, can be
found. By measuring the gas temperature in the active
zone of the discharge at various voltages across the dis-
charge gap, it is possible to optimize the discharge burn-
ing mode. By optimizing the discharge mode, it is pos-
sible to prevent the transition of the discharge into a
spark breakdown, as well as to significantly reduce the
energy consumption in the discharge by reducing the
energy consumption for ion heating of the gas. This, in
particular, allows optimizing the operation of plasma-
chemical reactors for ozone electrosynthesis [1], and
also provides information for understanding the mecha-
nisms of formation and development of streamer dis-
charge in air [2].

Under the simplest conditions, when thermodynamic
equilibrium takes place in the investigated molecular
plasma [3], the temperature of the investigated gas is
identified with the measured rotational Tr temperature
of the molecules. T is a parameter characterizing the
Boltzmann distribution of molecules over rotational
levels. Temperature measurement is carried out by reg-
istration of molecular emission spectrum. The gas tem-
perature T4 can be determined using an optical contact-
less method by analyzing molecular emission spectra in
non-isothermal plasma. This method is based on meas-
uring the relative intensities of the rotational lines for
the emission spectrum of the second (11*) positive sys-
tem of molecular nitrogen N,. Thus, in [4], using this
method, the distribution over the discharge gap for the
gas temperature in streamer discharge in air was meas-
ured. One of the difficulties in determining the gas tem-
perature in gas discharge from molecular bands is that
the distribution of molecules over rotational states cor-
responding to the temperature of neutral gas can be de-
termined in advance only for stable molecules. The fea-
tures of excitation for such molecules by electron im-
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pact is that, due to the low probability of change in the
rotational energy upon excitation of a certain electronic
state, the distribution of molecules over the rotational
levels of the excited state is similar to the distribution
over the rotational levels of the ground state. However,
in the absence of thermodynamic equilibrium, signifi-
cant errors in measuring T, are possible due to the fol-
lowing reasons. If a molecule takes part in chemical
reactions occurring in the discharge, then part of the
activation energy can be converted into the molecular
rotational energy, distorting the distribution of mole-
cules over rotational levels. This especially refers to free
radicals generated during the discharge process. Anoth-
er possible error in determining T is related to the fact
that the actual experimentally determined value is the
value of BYT, (B' is a rotational constant of the mole-
cule for the upper electronic state). In the lower elec-
tronic state, there is a distribution over the rotational
levels with the gas temperature T, and rotational con-
stant B". When excited by electron collisions, the level
distribution is preserved. However, if B' # B", then it no
longer corresponds to the gas temperature Ty, but corre-
sponds to the temperature T' = T, (B'/B"). Thus, for the
correct determination of Ty in the absence of thermody-
namic equilibrium, it is necessary to choose stable mol-
ecules with similar values of B' and B". To determine
T, molecular bands for the second positive system of
nitrogen are widely used. In this work, the most wide-
spread spectrometric method was used to measure the
gas temperature in the discharge. It is based on measur-
ing the relative intensities of the rotational lines for the
emission spectrum of molecular nitrogen N,. The gas
temperature of the discharge was determined from the
molecular nitrogen band with a quantum wavelength
A=337.1 nm in the emission spectrum of streamer dis-
charge in air at atmospheric pressure.

1. EXPERIMENTAL SETUP

The experimental setup is shown schematically in
Fig. 1. It was used to carry out the experiments on de-
termining the gas temperature in streamer discharge. In
the experiments, the emission spectra of discharge in air
were studied when high voltage was applied to the
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“needle-to-plane” electrode system. The positive high-
voltage potential was applied to the needle, and the flat
metal disk was under the ground potential. The dis-
charge gap was d =8 mm. The voltage applied to the
needle was set using a stabilized HV power supply (up
to 15 kV). A ballast resistor with a nominal value of
10 MQ was used in the external circuit, which limited
the value of the discharge current. The average dis-
charge current was measured using an M906 micro-
ammeter. Digital storage oscilloscope LeCroy
Wavelet324A was used to record the waveforms of the
discharge current pulses.
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Fig. 1. Experimental setup. PMT is the Hamamatsu
R9110 photomultiplier tube,
ADC is the analog-to-digital converter;
PC IBM — computer; DC — current amplifier

The spectrometric studies of the discharge were car-
ried out using the optical stand based on a Solar-Tii
MSDD-1000 monochromator-spectrograph with double
dispersion. For radiation emission from the discharge
gap, the optical slit system was used. To ensure high
spectral resolution, a double diffraction grating of
2400 grooves/mm was installed on the monochromator
with the inverse linear dispersion of 0.41 nm/mm. A
high-speed photomultiplier Hamamatsu R9110 with a
spectral sensitivity band of 185...900 nm was installed
at the exit slit of the monochromator. At the output of
the photomultiplier, a DC current amplifier (DCA IEC-
CAZ3) was installed. It has the following characteristics:
the conversion coefficient range k — (10™°...10”°) A/V.
The signal from DC amplifier was sent to the input of
the Velleman PCS 500 ADC, which was connected to a
computer. The PC-Lab2000 application package made it
possible to display the digitized data obtained from the
ADC (to visualize the spectrum) on a computer monitor
in graphic mode in real time. Also it was possible to
record the digitized data into the computer memory.

2. EXPERIMENTAL RESULTS

In the experiments, the emission spectra were regis-
tered in the wavelength range of 300...400 nm. The
choice of the range can be explained by the presence of
intense emission lines for the second positive nitrogen
system, which are convenient objects for optical diag-
nostics. Registration of radiation was carried out from
the active (at the distance of ~ 1 mm from the surface of
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the point anode) zone of the discharge gap, and at dif-
ferent voltage values at the discharge gap (from 6.1 to
7.8 kV with the step of 0.2 kV). The choice of the speci-
fied voltage range is related to the fact that in this range,
discharge stably burns in the streamer mode, and there
is no transition of the discharge to another mode or to
the spark breakdown. Below, in Fig. 2, a typical wave-
form of the current pulse for streamer discharge in air is
shown.
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Fig. 2. Waveform of the streamer discharge current
pulse. Average discharge current I = 45 uA,
applied voltage U = 7.6 kV

It can be seen from Fig. 2 that the discharge current
pulse with the characteristic duration At ~ 280 ns and
the pulse rise time t ~ 40 ns is registered in the dis-
charge circuit, which corresponds to streamer develop-
ment in the discharge gap. The stable shape of the dis-
charge current pulse and the constancy of the pulse rep-
etition rate are indicators of stable discharge burning.
Stable discharge is a necessary condition for correct
registration of the line intensity in the optical radiation
spectra.

To determine the values of the rotational tempera-
ture, the rotational spectrum of the (0-0) transition for
the C*IT,-B%I1, band was used. The measurements were
carried out at the air pressure p =1 atm. In the wave-
length range A = 334...337.1 nm, the lines of P, Q and R
branches of electronic-vibrational band of molecular
nitrogen were identified. The gas temperature was de-
termined from the analysis of relative intensities for the
lines of the R-branch for the electronic-vibrational band
of N.,.

In Figs. 3, 4, the fragments of emission spectrum of
the (0-0) transition in the wavelength range of
334...336 nm are shown. Spectra was registered from
the active zone of discharge at various applied voltages.

From the spectra shown in Figs. 3, 4, it can be seen
that as the voltage in the discharge gap is increased in
the entire investigated range, the radiation intensity in
the spectrum is also steadily increased. The origin of
changes in the radiation intensity from the discharge
active zone can be explained by the dependence of the
excitation rate and radiation population of the electron-
ic-vibrational level C°1,(0) on the electric field
strength. Analysis of the obtained spectra made it possi-
ble to determine the gas temperature at different voltage
values at the discharge gap.
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Fig. 3. Fragments of the emission spectrum for (0-0)
transition in the wavelength range of 334...336 nm
registered from the discharge active zone at different
applied voltages. U = 6.1...7 kV.
Discharge gap d =8 mm
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Fig. 4. Fragments of the emission spectrum for (0-0)
transition in the wavelength range of 334...336 nm
registered from the discharge active zone at different
applied voltages. U=7...7.8 kV.
Discharge gap d = 8 mm

With the Boltzmann distribution for the population
of rotational levels of the excited electronic-vibrational
state, there is a simple correlation between the experi-
mentally measured line intensity and rotational tempera-
ture T, of the excited electronic-vibrational state
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where F (j°) is the energy of upper rotational level in

cm, k is the Boltzmann constant, ¢ is the speed of light.
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is the experimental confirmation for the existence of the
Boltzmann distribution for the population of rotational
levels.

In Fig. 5 below, the Boltzmann plots obtained from
the analysis of R-branch for the rotational structure of
the discharge emission spectrum is shown. The plots
show a linear dependence on F (j7) =J (J + 1). The slope
of the dependence shown in the plot corresponds to the
rotational temperature of nitrogen molecules, which is
equal to the gas temperature [4].

-F(j")+const,

The straight-line dependence of |n
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In Fig. 6 below, the diagram of the gas temperature
distribution depending on the applied voltage is shown.
In the diagram, the corresponding values of the gas
temperature in the discharge are presented.
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Fig. 5. The Boltzmann plots obtained from the analysis
of the spectra for the electronic-vibrational transition
C3P, (0)—>B3Pq (0). The spectra were registered
from the active zone of the discharge gap
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Fig. 6. Diagram of the gas temperature distribution
in the active zone of streamer discharge depending
on the applied voltage. Positive streamer.
Discharge gap d =8 mm

From the diagram shown in Fig. 6, it can be seen
that as the voltage in the discharge gap is increased, the
gas temperature is changed in the range from 600 to
740 K. It is worth noting that the gas temperature is
changed unevenly as the applied voltage is increased.
Thus, at the minimum voltage in the discharge gap
U = 6 kV, the gas temperature has a minimum measured
value of 609 K. However, the maximum measured tem-
perature of 739 K corresponds to the voltage U = 7 kV,
which lies in the middle of the investigated voltage
range. This can be associated with both the features of
streamer discharge and possible changes in the rotation-
al state of the molecule upon excitation of its electronic
state. Firstly, applied voltage does not significantly
change the initial parameters of the streamer in the ac-
tive zone, but mainly affects on the propagation velocity
of the streamer in the discharge gap. In the second
place, as noted in [5], the origin of the differences in the
rotational state of the molecule depends on the electron
energy even at the energies much higher than the excita-
tion threshold.
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CONCLUSIONS

From the distribution of emission line intensities for
the electronic-vibrational bands of the second positive
nitrogen system, the gas temperature values in the active
zone of streamer discharge in air were obtained. It was
found that, depending on the applied voltage (from 6.1
to 7.8 kV with the step of 0.2 kV), the gas temperature
varies from 609 to 739 K. It is shown that the rotational
temperature is not changed much as the voltage is in-
creased, and is related to the change in the applied ex-
ternal voltage in a complex way. This can be explained
by both the features of streamer discharge and the pos-
sible changes in the rotational state of the nitrogen mol-
ecule upon excitation of its electronic state.

An uncertain dependence of the nitrogen molecule
temperature on the discharge macro parameters signifi-
cantly complicates the use of rotational excitation for
nitrogen molecules to control the rates of plasma-
chemical processes in gas-discharge plasma. This re-
quires additional studies of the electronic excitation
processes for nitrogen molecules. In particular, it is im-
portant to identify the processes in which the distortion
of Boltzmann distribution over rotational energy levels
is possible.

. V.I. Golota, L.M. Zavada, B.B.
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WU3MEPEHME TEMIEPATYPBI 'A3A B TEHEPAITMOHHOM 30HE CTPUMEPHOI'O PA3PSIJIA
ITPU PASJIMYHBIX HAITPSKEHUAX HA PAZPAJTHOM NPOMEKYTKE

O.B. Bonomos, B.U. I'onoma, I.B. Tapan

[IpencraBneHsl pe3ynbTaThl dKCIEPUMEHTANbHBIX HCCIEJOBAHUI TEMIIEpaTyphl raza B I'€HEPAalMOHHOW 30HE
CTPHUMEPHOTO pa3psijia B BO3AyXe IpH aTMoc(hepHOM AaBiIeHHH. TeMmneparypa raza onpeesnsiiach ONTHIECKIM Me-
TOAOM II0 U3MEPEHUI0 OTHOCUTEJIbHOM MHTEHCUBHOCTH JIMHUM BpalaTEIbHOM CTPYKTYPBl M3J1y4E€HUs] BTOPOM IO-
nosxutensHoit (I17) cucTeMbl MONEKYISPHOTO a30Ta, TIOJOCH! HEPEXo/ia (C,IT1,(0) > B,I1,(0) ). YcTaHOBJIEHO, 4TO

MIPHU MEXKDJICKTPOIHOM paccTosiHuu d = 8 MM, B 3aBUCHMOCTH OT HAIPSDKCHHS, MPHIOKEHHOTO K Pa3psiIHOMY MPO-
MeXyYTKY (B auamasone 6,1...7,8 kB ¢ marom 0,2 kB), Temneparypa rasa usmensercs B npeaenax ot 609 go 739 K.
IMoka3aHa HEPaBHOMEPHOCTh U3MEHEHHUSI TEMIIEPATYPhI T'a3a B TE€HEPAIIMOHHON 30HE Pas3psjia ¢ yBEIUYEHHEM MPH-
JIO)KEHHOI'O HAIIPSXKCHUA. 9TO MOXET 6I)ITI) CBA3aHO C BO3MOXHBIMH U3MCHCHUAMU BpallaTCIbHOTO0 COCTOAHUA MO-
JIeKyJ1 a30Ta P BO30YKICHUU UX JIEKTPOHHOTO COCTOSIHHSI.

BUMIPIOBAHHS TEMIIEPATYPU I'A3Y B TEHEPALIIVHIN 30HI CTPUMEPHOI'O PO3PSY
IPU PI3HII HATIPY3I HA PO3PSI/THOMY ITIPOMIXKY

O.B. bonomos, B.I. I'onoma, I.B. Tapan
[pencraBneHi pe3yabTaTH eKCIIEPUMEHTAIBHUX JIOCITIPKEHb TEMIEpaTypH ra3y B TeHepauiiHii 30HI cTpumep-
HOTO pO3psiy B IOBITPI U aTMOC(epHOMY THUCKY. TemrepaTypa rasy BU3Ha4aiacsi ONTHYHUM METOIOM IO BUMIpy
BiZIHOCHOT iHTEHCUBHOCTI JIiHiil 06epTaNbHOT CTPYKTYPH BUIIPOMiHIOBaHHs Jpyroi nosutusHoi (I17) cucremu mose-
KyJSIDHOTO a30Ty, cmyru nepexony (C,IT,(0) — B,I1,(0) ). BcraHoBieHo, mo mpW MDKENEKTPOIHIN BifcTaHi

d = 8 MM, 3alIe)KHO BiJ HANpyrW, MPUKIAJEHOI 1O pO3psaHOro mpoMixky (y amiamasoni 6,1...7,8 kB 3 kpokom
0,2 xB), remneparypa ra3y 3MmiHioeTbes B Mexkax Bin 609 mo 739 K. [Tokazana HepiBHOMIPHICTb 3MiHH TeMIIepaTypu
ra3y B TeHepalliiHii 30Hi po3psry 3i 30UTbIICHHSIM MPUKIaJeHoi Hanpyru. Lle Moke OyTH MOB'A3aHO 3 MOKIMBUMHU
3MiHaMH 00epTaTbHOTO CTaHy MOJIEKYI a30Ty NpH 30yKEHHI IX eIEKTPOHHOT'O CTaHy.
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