GAS TEMPERATURE OF DIFFUSE NEGATIVE CORONA DISCHARGE
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The emission spectra of the second positive system of nitrogen for the diffuse negative corona discharge in am-
bient air were studied. The rotational structure of spectral lines was analyzed and the spectra were identified. The
calculations, using the model of non-rigid rotor was made. The rotational temperature of nitrogen molecules was
specified. The dependence of rotational temperature on the applied voltage as well as on the discharge operation

mode was shown.
PACS: 52.80.Hc

INTRODUCTION

The widespread use of ozone technologies demands
the new cost-effective methods and systems for ozone
synthesis. The main issue is improvement of the ozone
generator productivity due to reduction of energy con-
sumption for ozone synthesis. Most of ozone generators,
which are produced in the world, use a dielectric barrier
discharge for ozone synthesis. However, in recent years,
much attention was paid to ozone generators which ex-
ploit the barrierless gas discharge, in particular, corona
gas discharge at atmospheric pressure in the pin-to-plate
electrode system [1]. High efficiency of the negative
corona discharge for ozone synthesis in air is realized
due to low energy consumption [2].

In this paper the spectral characteristics for the dif-
fuse stage of the negative corona discharge in air was
investigated.

Negative corona occurs in an electronegative gas
with—the pin-to-plate electrode systems when the DC
high voltage negative potential is applied to the pin
electrode. In air at atmospheric pressure the discharge
can operates in self-maintained pulsed mode called
Trichel pulse mode [3]. In this mode the discharge cur-
rent represents a quasi-steady-state sequence of pulses.
In the Trichel pulse mode, the optical radiation pulses
are observed both in the cathode and anode regions of
the short discharge gap [4]. Further increase of the volt-
age leads to transition from the Trichel pulse mode to a
quasi-stationary (diffuse) mode. The direct discharge
current and the diffuse glow from the discharge gap are
the distinguishing features of the diffuse negative co-
rona discharge.

Stable discharge operation [5] should be provided
for correct investigations of the electrodynamic charac-
teristics of the discharge and the spectral characteristics
of discharge radiation. To achieve stable discharge op-
eration, both the point and plane electrodes were spe-
cially processed before experiments. The criteria for
stable discharge operation are the high reproducibility
of the Trichel current pulse waveform and the stable
pulse repetition rate. These parameters are controlled by
the oscilloscope. Also the transition to a spark break-
down should be prevented. To study the spark break-
down transition criteria, the gas temperature in the dis-
charge gap should be measured and monitored, because
the spark breakdown mainly depend on the gas tempera-
ture [6]. There are different methods to measure the
temperature of particles in gas discharge, but the most
popular among them are optical diagnostic methods.
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These methods are widely used as they are non-contact,
have no perturbation effects on the object of study and
provide high precision measurements. Gas discharge
emission spectrometry takes a special place among the
optical methods. It allows determining the temperature
of gas particles (molecules), as well as observing the
temperature dynamics in time. In the current work, the
most developed spectrometric method based on meas-
urement of relative intensities in the rotational structure
of (0-0)-band emission spectrum of 2" nitrogen system
(c, - BJII, transitions) was used to measure the gas

temperature in discharge. In most practical cases, rota-
tional temperature is similar to the translational tem-
perature (more precision definition of gas temperature
requires detailed review of rotational-translational re-
laxation processes).

1. EXPERIMENT

Experimental study of the emission spectra of the
diffuse negative corona within the wavelength range
(300-400) nm was carried out using the experimental
setup schematically shown in Fig. 1. Spectrometric
study of the discharge was carried out using the optical
bench based on the monochromator-spectrograph "So-
lar-Tii" MSDD-1000 with double dispersion. A double
diffraction grating with 2400 grooves per lmm was in-
stalled in the monochromator. The reciprocal linear dis-
persion of the diffraction grating is 0.41 nm/mm. A
high-speed photomultiplier tube (PMT) Hamamatsu
R9110 with the spectral band of 185...900 nm and sig-

nal pulse rise time of 7. = 2.2 ns was installed on the

output slit of the monochromator. The signal from the
photomultiplier was processed by the analog to digital
converter (ADC) Velleman PCS 500, which was con-
nected to a computer. The software PC-Lab2000 was
used to display the digitized data received from the
ADC Velleman PCS 500 on a computer monitor in a
real-time graphic mode and to record the digitized data
into the computer's memory.

Investigations were carried out when the DC high
voltage negative potential was applied to the pin elec-
trode. The voltage on the discharge gap was supplied by
a stabilized high voltage DC power supply with the
maximum amplitude of the output voltage up to 40 kV.
To provide stable diffuse mode of corona discharge the
appropriate voltage (from the range of 5...14 kV) was
chosen. Stable discharge operation mode was controlled
by the digital storage oscilloscope LeCroy Wavelet
324A.
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The voltage of the discharge gap was measured us-
ing the high voltage probe Tektronix P6015A. In the
external electric circuit, the ballast resistor R=10 M Q
was set to limit the discharge current. The average dis-
charge current was measured by a micro-ammeter
M906. The waveform of the current signal was con-
trolled by a digital storage oscilloscope. The width of
the discharge gap between the pin and plate electrodes
was set within the range of 5...15 mm.

Ballast Discharge gap
= U misior \M) ————
i | Cuartz
{1 [ com denser
Capacitive ul {"
valiage
e Monochromator
/ MSDID- 1000

ADC Velleman

b—| PCIBM

PCS500

M906 LeCroy

Wave Jet 3244

'lliuh.m]l:m-
probe

'y

a)
—
: 4] 500

Fig. 1. Schematic diagram of the experimental setup
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Temporal characteristics of current pulses were
measured using calibrated 50-Ohm current shunts. The
signal was processed in the oscilloscope with the band-
width of 200 MHz and sampling rate of 1 GHz. Tempo-
ral characteristics of the current shunts used in the ex-
periments were calibrated by means of the current shunt
Tektronix CT1, which has the following characteristics:
bandwidth — 25 kHz...1 GHz, pulse rise time — 0.35 ns
(10...90% signal), sensitivity — SmV/mA.

2. RESULTS

The emission spectrum of the discharge radiation
within the wavelength range of 300...400 nm were reg-
istered. The obtained spectra correspond to the second
positive system of nitrogen (transition C3Hu—B3Hg) [7].
The spectra were registered from the cathode region (at
~ 1 mm from the tip of pin electrode) of the discharge.
The discharge gap was 5 mm. The absolute humidity of
ambient air was 3.4 g/m’. The width of monochromator
slits was 50 um (output) and 200 um (input) at the re-
ciprocal linear dispersion of 0.41 nm/mm. The width of
monochromator slits, PMT signal amplification factor
and the photomultiplier supply voltage were kept up at
constant level. The emission spectrum of the discharge
within the wavelength range of 300...400 nm is pre-
sented in Fig. 2 below.
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Fig. 2. Emission spectrum of the diffuse negative corona
in air at atmospheric pressure. Cathode region
of the discharge gap (~1 mm from pin electrode)
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Partially-resolved rotational spectrum of the
C3Hu(0)fB3Hg(O) transition was used to determine the
rotational temperature. The emission spectrum of the
discharge in the wavelength range of 334...338 nm is
shown in Fig. 3.
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Fig. 3. Emission spectrum of the discharge
within the wavelength range of 334...338 nm.
ADC sensitivity is 50mV | div

The fragments of the spectrum  within
334...335,8 nm wavelength range were recorded at the
maximum sensitivity of the ADC for more detailed in-
vestigation of the rotational structure of the spectrum.
The fragment is shown in Fig. 4.

I, arb. un
25 I\
200 o =i |\‘.'ANN
VAL

150 - Iqufl \V"
W . f\/\/
TNV

50

; J.nm
334 3342 3344 3346 3348 335 3352 3354 3356 35S

Fig. 4. The fragment of negative corona emission
spectra. ADC sensitivity 5 mV [ div . The R-branch
rotational lines of C3Hu(0)—B3Hg(O) transition are
partially resolved (the range of corresponding
rotational numbers is J=20...29)

Theoretical calculation of relative intensities of rota-
tional lines was carried out for more detailed identifica-
tion of spectral lines and their comparison with experi-
mental results. The calculation was performed using the
reference constants [8]. According to the Born-
Oppenheimer approach, the term of vibrational-
rotational state (J, v) for the given electronic state, is

given by [9]

E=T.+G, +Fj, (1)
where T, is the electron energy, G, is the vibrational
energy, Fjis the rotational energy.

The vibrational energy (in the first approximation) is
given by [9]:

Gy = e (v +1/2) - exe (v +1/2)%, )
where v is the vibrational quantum number, ®. is the
energy of vibrational quanta, ®.x. is the anharmonicity
constant.

In the non-rigid rotator approach the rotational en-
ergy of molecule is given by [9]:
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F=B,-J-(J+1)-D-[J-(J+1)] » )

where B,=B.-0.(v +1/2) is the rotational constant (in the
approach of vibrational-rotational interaction), o, is the
parameter characterizing the dependence of rotational
constant on vibrational excitation, J is the rotational
quantum number, D is the centrifugal distortion con-
stant.

Using the Fortr diagrams for the linear molecule N,
at the electronic transition between C °II, and B’Il,
states, the correspondence of rotational line wavelength
to the specific rotational quantum numbers J was deter-
mined. The values of AJ = (-1, 0, +1) were allowed ac-
cording to the selection rules. These rules form P, Q and
R branches in the rotational structure of the spectrum.
When the wavelength of rotational transitions and its
respective rotational quantum numbers are determined,
the intensity of rotational lines can be calculated. The
radiation intensity of single rotational lines at elec-
tronic-vibrational transition is given by [10],

he

L, =N A )

JJ

J

rot rot

where B, ~(2J'+1)-exp(— F, } is the population
of upper rotational level, T,, — rotational temperature,
4
L Yz SJ_J is the probability of rotational
T 3hA7 20 +1
transition (J'-J") [11], A is the transition wavelength, h is

the Planck constant, ¢ is the speed of light , S o0 18 the

Henley London intensity factor.
Thus, the intensity of single rotational line is given
by the following expression:

' F.
1(2.)~ﬂ4~kb;f~S.,,.,,,-exp(—k ! j ®)

rot

The calculation of rotational spectra at different T,
showed that there is a spectra range in which the inten-
sity of R-branch lines dominates the intensities of P and
Q branches. It was found that only single lines of R-
branch with rotational quantum numbers J = (20-29)
should be used for analysis of the spectra obtained in the
experiment. The fragment of rotational structure for the
spectrum of C3Hu(0)—B3Hg(0) transition is shown in

Fig. 5.
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Fig. 5. Rotational structure for the spectrum of
C3H,,(0)fB3Hg(0) electron-vibrational transition (solid
line). The calculated distribution of intensities for rota-

tional lines on the R-branch is marked with points
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The distribution of intensities for rotational lines on
the R-branch is marked with points. The intensity of
rotational lines was calculated using different values of
rotational temperature T,,.

Analysis of the presented in Fig. 5 spectrum shows a
close correspondence of experimental data to theoretical
results at T,,=655 K. Fig. 5 also shows that the distribu-
tion of intensities for rotational lines is significantly
changed together with the rotational temperature value.

There is other approach to determine the rotational
temperature from the relative intensities of rotational
lines. On the basis of the above mentioned theoretical
model, the following equation can be given using (5),
and assuming for the R-branch (for sufficiently
largeJ'), s, . ~J'[12]:

lr{]] ()4, }=_2.618K
[2 (17)124‘]1

D=+,
7, R

where Jl' and J'2 is the rotational numbers correspond-

ing to separate rotational lines, 4, and A, is the wave-

lengths of selected lines, 7,(4,), I

2( ﬂz) is the intensi-
ties of spectral lines obtained from the experiment.

The T, can be determined by substituting the measured
relative intensities of the rotational lines to the equation
(6). The calculated values of nitrogen rotational tem-
perature at different parameters of diffuse negative co-

rona discharge are presented in Table.

Discharge parameters Rotational temperature, T,

U=14,2kV,I=170 pA | 623 K
U=14.6 kV, =215 pA | 645K
CONCLUSIONS

The emission spectra of the nitrogen second positive
system at diffuse negative corona discharge were stud-
ied. Distribution of emission intensity in electronic vi-
brational-rotational bands corresponding to C°IT, -

B I1, transitions of molecular nitrogen was analyzed. A

comparison between experimental data and theoretical
results was made in the approach with vibrational-
rotational interaction and centrifugal distortion of mole-
cules. The rotational temperature of nitrogen molecules
was obtained on the basis of spectral rotational structure
analysis. The dependence of rotational temperature on
the discharge operation mode, as well as on the applied
voltage value was shown. It was shown that rotational
temperature of nitrogen molecules is increased together
with applied voltage.
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TEMIIEPATYPA I'A3A B OTPUIIATEJIbHOM KOPOHHOM PA3PSIIE JU®®Y3HOM CTAJUU
O.B. bonomos, B.U. I'onoma, C./I. I'ypmosoii, 10.B. Ceimnuuxosa, /1. B. Mowunckuii

HccnenoBaHbl CIEKTPhI M3Iy4Y€HHS OTPULIATEIBHONW KOPOHBI B Tu(dy3HON cTaguu ropenus. [Ipoananusuposa-
HO pacrpefereHre UHTEHCUBHOCTH M3IIyYeHUs B 3JIEKTPOHHO-KOJIeOaTeIbHO-BPAIATeNbHbIX 110J0CaX MOJEKYILIp-
Horo aszora. [IpoBelneH TeOpETHUECKHH pacyeT WHTEHCUBHOCTH JIMHUHW B TNPHOKEHUH KoJjieOaTenbHO-
BpalIaTeIbHOTO B3aUMOIEHCTBUS M LIEHTPOOEKHOTO pacTshKeHUst MoJiekyil. OmnpeneneHa BpalaTeabHas TeMIepa-
Typa MOJIEKYJI a30Ta B NPHKATOAHOW 00iacTy paspsiia. Y CTaHOBJIEHA 3aBHCHMOCTH BpallaTeNIbHON TeMIepaTyphl
Kak OT PEKHMMa TOPEHUs pa3psiaad, TaK U OT BEIMYUHBI HAIIPSDKEHUS, IIPUIIOKEHHOIO K Pa3psAHOMY IIPOMEXKYTKY.

TEMIIEPATYPA 'A3Y Y HETATUBHOMY KOPOHHOMY PO3PSIII JU®Y3HOI CTA LT
O.B. bonomos, B.1. I'onoma, C.J]. I'ypmosoii, F0.B. Cumnikosa, /I.B. Mowuncokuit

JlociKeHO CIeKTpy BHIPOMIHIOBAaHHS HEraTUBHOI KOPOHU B AUQY3HIN cramii ropinHa. I[IpoananizoBaHo pos-
MO IHTEHCUBHOCTI BHIIPOMIHIOBAaHHS B 3JIEKTPOHHO-KOJIUBAIBFHO-00EPTANBHUX CMYTax MOJEKYJSIPHOTO a3oTy.
[IpoBeneHO TEOPETUYHUN PO3PAXYHOK IHTCHCHBHOCTI JIiHIM B HAOJMIKCHHI KOJMBAIbHO-00EpTANBHOI B3aeMomii i
BIZILIEHTPOBOTO PO3TATYBaHHS MoJieKyJl. BusHaueHa obepTanbHa TeMIeparypa MoJIeKyJl a30Ty B PUKATOIHIH o0a-
CTi po3psiy. BcraHoBeHa 3aeXHICTh 00epTaIbHOT TEMIEpaTypH K BiJl peXKUMY TOPIHHS PO3pSY, TaK i BiJ BeJIH-
YUHW HAMPYTH, TPUKIAICHOI 0 PO3PSIIHOTO MPOMIKKY.
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