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In the present paper, we propose to make an optical diagnosis by laser interferometry to determine experimentally the density of neutral
particles in a coronal discharge bathing in a gaseous mediuri\ are particularly interested in the measurement of variation of the optical

path and therefore of the index of refraction which allows us to highlight the variation of the density of the neutrals in the discharge, and
using a computer treatment (Pearce method) the refractive index of the medium is calculated to determine the spatial distribution of density
and temperature (radial and axial) at the core of the corona discharge in two different situations (positive and negative). This optical diagnosis
also allowed us to quantitatively determine the phenomenon of depopulation of neutral particles. These quantitative and experimental results
are interesting because they allow a good correlation between the theoretical results obtained so far.
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1. Introduction ployed because local fluctuations in the refractive index can
be connected to changes in pressure, temperature, or the rel-
Numerous studies have been written on the issue of negati&five concentration of various components. For such inves-
and positive corona dicharge, which has been studied for #igations, the MachZehnder (M-Z2) interferometer is fre-
very long time. The temperature and the density of the neuquently employed [10]. Microscopy is a significant area in
tral gas changes spatially and temporally when the plasm#hich optical interferometry is used. When stylus profiling
and neutral molecular energy interact during the formatiorfannot be utilized due to the risk of damage, interference mi-
and growth of the plasma in a point to plane gas dischargéroscopy offers a noncontact way for analyzing the structure
(seee.g.[1,2]). The corona discharge is part of the family and estimating the roughness of specular surfaces [11].
of non thermal cold plasmas and it is usually used at atmo- Many cutting-edge optical techniques have recently been
spheric pressure. It is always associated with two electrodesreated to estimate the temperature of such an object. B.H.
one to a small radius of curvature is subjected to a high voltLee et al [12] employed fiber optic interferometers to
age, and the other electrode has a radius much larger. Thmeasure pressure, temperature, strain, and refractive index,
polarity depends on the nature of the voltage applied to thamong other physical variables. They elaborated on a few
electrode with a small radius of curvature. There are numerspecific interferometeric sensor application examples and
ous industrial uses for electrostatic precipitation [3], environ-demonstrated their enormous potential for real-world use.
mental cleanup techniques [4], ozone production [5]. Both P, Luet al. [13] used a M-Z interferometer to detect the
theoretical research [6, 7] and practical studies [8, 9] havéemperature and the refractive index simultaneously. They
demonstrated the central role of neutral heating in the inidemonstrated how temperature and variations in the environ-
tiation of gas breakdown. Optical and electrical analyses ofnent’s refractive index affect the wavelength of the peak at-
the behavior of a point to plane discharge for centimeter sizegenuation of interference with a particular sequence in the
air gaps at atmospheric pressure. transmission spectrum.

Therefore, by examining the impacts that come fromvar-  Yet, it is quite intriguing to investigate the phenomenon
ious physical processes, we could complete the plasma diaggetween ion gas and neutral gas by using the corona dis-
nostics. Measurements of gas evolution in plasma have beesharge with the M-Z interferometer. The experimental setup
made using Raman scattering techniques, sound, ultrasonif point to plane at high voltage is the foundation for the re-
velocity electromagnetic wave probing, infrared spectra, angearch of this phenomenon [8].
absorption spectra. Since these interferometry techniques of- | the present study, the MZ interferometry method is
ten measure the optical path through the medium, we can insyccessfully developed to analyse and diagnose, ajaé
fer the refractive index, density, and temperature from thenedium subjected to a point to plane type corona discharge in
relationship between these factors [8]. two situations different positive and negative polarity. The in-

In investigations of fluid flow, combustion, heat trans- terferograms are captured using a CCD Camera (see Fig. 2),
fer, plasmas, and diffusion, interferometry is frequently em-and the inverse Abel transformation ensures that they may be
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numerically analyzed. We want to deduce mainly the mapeonnected to the discharge via a resistancg@ook 10° Q.

ping of the refraction index, the radial and axial variation of First, it is necessary to obtain the fringes without applying
the density and the temperature of the neutral particles. the discharge. Second stage: high voltage is supplied to the
point electrode (corona discharge). Due to the discharge’s
density gradient and the light's path’s disruption of the gas
distribution in space, the fringes are deformed. The map of
The laser beam (wavelengih= 0.6328 um) is collimated to ~ the density, temperature, and refractive index of theak is
have a plane wavefront into the-NZ interferometer, and the then_ determined by measuring the difference between these
beam inside the interferometer is separated by a beam splitt&0 interferograms.

and later on the two beams are combined with another beam

splitter, see Fig. 1. The electrodes are, moreover, visible o - : : :
the interferogram, the interelectrode distarcs measured 3. The finite fringe interferometric method

using a pattern. The gas discharge image is recorded withfhis method is based on analysis of interferograms which
Camera placed at the outlet of the_lnterferometer. The preSyere obtained and recorded from a screen by CCD camera
sure of the N bottle is measured with a regulator. A mathe- jystrated in Fig. 2. So, the intensity of the interference pat-

matical treatment allows us to extract directly, from the inter-or for each interferogram can be written as follows [14, 15]:
ferogram, a mapping of the phase variation introduced by the

2. Experimental set-up

cqronal discharge. Abel's inversion is now an integral part qf I(z,7) = a3 + d? + 2aga; cos (Ad(z,7)), (1)
this program and allows us to have directly the gas density
profiles. where I(z,r) indicates the light's intensity at the axial

The various essential elements for the-Klinterferome-  and radialr point, ag is the intensity of the beam crossing
ter are given in Fig. 2. Our discharge system consists of tweéhe chamber, and ai the intensity of the reference beam (see
electrodes point to plane, made of stainless steel. The radiysg. 2). The last term ag a; cos (A¢(z,)) means the inter-
of curvature of the point is 100m and the diameter of the ference term, and it depends on the phase differénge
plane is 25 mm. To power these systems, we have a high The phase information of a light wave that originates
voltage generator with a voltage of 35 kV. This generator isfrom a coherent light source changes when it travels through
a corona discharge because the discharge’s refractive index
changes. We must first determine the refractive index using
the Abel inversion and Pearce method approach in order to
calculate the density (more details of the refractive index can
be found in Refs. [8, 16, 17]). In this method:

2 (B N(z,r)r ,
dk(z,r) = X/T A A @

wherek(z,r) denotes the phase shifting at positianr), A

is the wavelength of the laser use¥(z, r) is the refractive

index along the ray path through the dischat@és the study

ray andr’ is the discharge ray. The integration occurs along

the path that the object beam follows through the discharge.
The index variation responds to changes in neutral den-

sity. The GladstoneDale relation in our situation enables us

it e B g to determine the refractive index of neutral particles, can be

— e expressed as [8]:

FIGURE 1. Overview of the experimental set-up.

N —=1=N,[xn(1 =8 +xi& + xeNe, (3)

where N being the index of refraction of the mediur,,
Beam Splitter is the density of the neutral particled/, is the density of
the electrons( is the degree of ionization angd,, xi, Xe
are the Gladstone constants, corresponding, respectively, to

Mirror

Chamber gas 1 o1¢

High voltage  Resistor yith corona the population of the neutrals, ions and electrons. It is worth

generator discharge —"

ccp _— mentioning that in a weakly ionized gas, as in the case of
camerd Dmc,;'pul” the plasma created by the corona discharge, the degree of
ionization is negligible. Thus, the only factor affecting the
FIGURE 2. Experimental device of the interferometric system. optical properties of light pencils is the density of neutral
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species. The Gladstone-Dale relationship, defined by Mwhere, 8 is the dependence of the temperature distribution
Lemerini [8]: on each pointfy (= 300 in Kelvin) is the room-temperature
Ny is the reference refractive index of the ambiants the
N —1=oXxy, (4 pressure of the gas apd (= 1 in atm) is the reference room-

where ¢ is the mass density ang, (= 1.97 x 10~4 in ~ Pressure.
m3 kg—!) is the Gladstone coefficient.

It should be mentioned here that Ed) ¢an also be writ-
ten with wavelength\, dephasingA® between the fringes,
and lengthL of the path of the beam inside the disturbed

4. Results and discussions

In a radially symmetric system, we take into account two par-

medium, as: . ; .
1 allel electrodes that point to plane, ¢), wherez is the dis-
N 1= AAP ) tance that varies between the point to plane (the point is sit-
27 L’ uated atz: = 0 and the plane at = 10 mm), wherer is the

The index of refraction of the medium is determined by ap-distance that varies between the discharge axis and the lateral

plying Eq. 5), the density of neutral speci&y is calculated €nds ¢ = 0 means the point to plane axis and= 2.5 mm

from Eq. @), and the ideal gas law is then used to get the temMeans the lateral limit of the point discharge).

perature of the gas, by the well-known equation [8, 18]: The results obtained with the interferometer described
; above concerning Ngas are given in Fig. 3, and they show

p(No — 1) (6) respectively the interferogram without and with corona dis-

po(N — 1) ] charge.

0:60{
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FIGURE 3. Interference fringes obtained with and without corona discharge; @fad (interelectrodé = 10 mm, pressurg, = 1 atm and
temperaturd, = 300 Kelvin). At left a), b): case of positive polarity. At right c), d): case of negative polarity.
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The interferograms obtained show deformed fringes in ' ' ' ' '
the cone of discharge between the point and plane. The mean _
ing is therefore that the polarity of the deformation of these ¢
fringes is arbitrary, it depends on the experimental situation
and the expected results. Given the previous observations 3
we know that the crown discharge must present at its centet
a decrease in the density of neutral particles. The deforma-
tion of the fringes must therefore lead us to a decrease in the
refractive index.

We clearly observe in Fig. 3b), that there is a more nu-
anced distribution in all the volume occupied by the gas.
Indeed, the transfer of motion between neutral particles be- 'Oo = == = o =
comes very important and the influence of charged particles ' ' ' ' ' '
also increases especially in the middle and near the point. We
can also note in Fig. 3d) the cone of the discharge that propFicurE 5. Radial evolution of neutral density of gas Nubjected
agates towards the plane because the pressure exerted on the positive corona discharge.
neutrals becomes important. It can also be noticed in Fig. 3d)
the movement of neutral particles diffuses towards the side It is clear from these results that the dynamics of the neu-
walls of the discharge along the cathode due always to th&als are greater at a distance equal to one third of the inter-
transfer of energy neutral gas/charged particles. electrode distance close to the plane. Itisin this area that heat
transfers and collisions between particles occur with greater
intensity than in the vicinity of the electrodes.

In Fig. 5, we plot the radial evolution of the neutral den-

We will now examine the sensitivity of corona discharge Onsity for the positive corona discharge for three selected values
of z axial distancei.e. z = 1 mm (near the point);= 7 mm

the density neutrals. In Fig. 4, we show the evolution of theth' d of the inter-electrode dist &9 th
density of the neutrals along the axis of the discharge, foFI rd o Fe N Ie;r—e esc rode 'S.gnct‘?) a:a mm (n_ear ©
two types of corona discharge (negative and positive). we ane). From Fig. 5 we can identify two regions: a region

observe on these two curves that depopulation is more impoFhat extends between = 0 andr = 1.6 mm, in which the

tant in the vicinity of the plane than near the point, or moredens!ty of the molecules_ IS less than the de’?S'W of the ambi-
precisely, at for example, in which axial distance= 9 mm ent air whatever the position between the point and the plane.
from the point. Indeed, values of the density ranging from The second region of thesg curves, t_hat. s to say_erl.G
1.6 x 101 molecules/crhfor positive discharge, representing ™™ ©7 at the edge of the discharge, indicates a higher popu-
a depopulation rate of Z6and~ 1.8 x 10'° molecules/cr lation density than that of the ambient air. .
for negative discharge, representing a depopulation rate of Ve @lso observe on these curves that the relative rate of
68%. On the other hand, near the peak there are values of thq_)epopul_at_m_n for the thr_ee selected points is different. Indeed,
density~ 1.85 x 10'° molecules/crh for positive discharge o7 the vicinity of the point { = 1 mm) we note values rang-
representing a population rate of 2§ to ~ 2.0 x 101 for N9 from 12 to 235 for r < 1.6 mm, while for this same radial
negative discharge (representing a population rate 6t)18 distance and for = 9 mm we have values varying from70
g ge (rep ga pop ) to 35% and forz = 7 mm we have~ 44 to 23%.
In the same way Fig. 6 presents our results for the evo-

Density of neutrals

Radial distance, r (mm)

4.1. Spatial evolution of the neutral population

2ol o lution of the radial neutral density for the negative discharge.
7 We distinguish two distinct regions: First, the low radial dis-
e tance0 < r < 1.9 mm in which the density of the molecules
o_i 12 X Positive discharge ’ is less than the density of the ambient air whatever the posi-
= . tion between the point and the plane. The second region is
s 8r ] for » > 2 mm. We also observe from these curves that the
g ~ . Negative discharge ! ] relative rate of depopulation for the three chosen points is dif-
5 r T ferent. Indeed, in the vicinity of the point¢ = = 1 mm) we
[ AT -7 1 note values ranging from 9 te 25% for r < 2 mm, while
a 16r T for this same radial distance and foe= 9 mm we have val-

1 ues varying from~ 30 to 47% and forz = 7 mm we have

s 5 71 t & 7 & 3 ~ 1510 22%.

2 3 4 5 8 7 8 9 10 ) ) ) ) ) )
It is also interesting to note this radial evolution. We can

divide each curve of the Figs. 5-6 from the centre of the dis-
FIGURE 4. Axial evolution of neutral density of gassNsubjected ~ charge outward, in three parts: a relatively small part where
to a negative and positive corona discharge. the

Axial distance, z (mm)
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FIGURE 6. Radial evolution of neutral density of gas Nubjected ) _
to a negative corona discharge. FIGURE 8. Radial evolution of neutral temperature of gas N

density of the neutrals rapidly increases; a fairly large cenalong the axis is somewhat different in the two cases of dis-
tral area with a lower density increase; and the edge of theharge as in the case of the distribution of the density of neu-
discharge where the density remains globally constant. Howtral particles. Temperature variations along the axis in the
ever the radial evolution of the population is different for the case of negative discharge are greater.

two types unloaded. However, this depopulation is stronger Figure 8 shows the radial evolution of the neutral tem-
in the case of positive discharge as soon as we move awgyerature for the positive corona discharge, for three selected
from the exe. The maximum depopulation is one-third of thevalues of the axial distanced. z = 1, z = 7andz = 9 mm).

interelectrode distance. The maximum temperature s~ 624 K at = = 7 mm from
the point. The radial decrease in temperature is regular. Com-
4.2. Temperature evolution paring this figure with the figure giving the spatial evolution

of the density of neutrals, it is clear that the maximum tem-
The determination of the refractive index of the Medium  perature and the minimum density are located at the same
created by the discharge allows us to deduce not only the defmint of the axis of the interelectrode space. The decrease in
sity of the neutral particles but also the temperature of thgemperature, when we move away from the axis, is also much
neutral gas. In Flg 7 we show the axial evolution of the tem'siower_ We observe a kind of 1 mm |ong bearing where the

perature values at different distances in the core region of th%mperature remains genera”y constant a with the positive
discharge for positive and negative corona discharges. discharge depopulation curves.

The most important concern in Fig. 7 shows that in |t can be seen from Fig. 8, in the low radial distance range
both positive and negative coronas, the temperature value igy < . < 0.7 mm when setting = 1 mm, the temperature

creases with: until a maximum values is reached at~ s high but decreases rapidly with rate of decrease close to
5.3 mm, where it starts to decrease. The temperature rise iS 150 \When the distance increases, for exampte,7
due to conversion of electric energy into heat by the Joul'sym the temperature is high but decreases rapidly with rate
principle. It is clear that the distribution of temperatures of qecrease arouns 62%. With increasing radial distance
(i.e. intermediate rang).7 < r < 1.7 mm, for example,
A L I L A L when settingg = 1 mm where the temperature decreases less
rapidly with rate of decrease close t0 25%. In the same
interval atz = 9 mm, the temperature decreases less rapidly
with rate of decrease around 26%. It can also be noticed
from Fig. 8 that in the interva < r < 2.5 mm, the temper-
ature remains almost constant equal to the ambient tempera-
ture (.e. 6 ~ 300 K), and this happens whatever the values
of z.

500 |-

Temperature (K)

400 |-

5. Conclusion

300F o7 J

0 1 2 3 4 5 6 7 8 9 10
Axial distance, z (mm)

By comparing the evolution of the neutral distribution with
that of the temperatures inside the landfill, we can deduce that
FIGURE 7. Axial evolution of neutral temperature of gasg N the increase in the temperature of the gas is directly related to

Rev. Mex. Fis70021302



6 M. LEMERINI, A. K. FEROUANI AND M. SAHLAQUI

the heating of the neutral by the charged particles (electronicharge. We have been able to deduce from the evolution of
excitation and particle collision). the neutrals distribution that the maximum depopulation is
Local energy transfers, charged particlegutral parti- two-thirds of the interelectrode distance from the peak. The
cles, are not negligible even in the field of low currents. Un-results obtained give values for the depopulation rate between
der these high pressure conditions where electrons are highB8 and 76¢.
collisional, the neutral gas no longer appears only as a source
of charged parFicIes, but also intervenes in the general dyACknOWIedgementS
namics of the discharge.
The interferometric diagnosis made on this positive coroPr A. K. FEROUANI gratefully acknowledges the DGRSDT,
nal discharge, allowed us to quantitatively determine the pheAlgerian Ministry of Higher Education and Research, under
nomenon of depopulation of neutrals in the heart of the disProject PRFU code BOOLO2UN130120190002.
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