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Using a Mach-Zehnder interferometer to deduce
nitrogen density mapping
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This work presents an optical method using the Mach—Zehnder interferometer. We especially diagnose a pure nitrogen
gas subjected to a point to plane corona discharge, and visualize the density spatial map. The interelectrode distance equals
6 mm and the variation of the optical path has been measured at different pressures: 220 Torr, 400 Torr, and 760 Torr.
The interferograms are recorded with a CCD camera, and the numerical analysis of these interferograms is assured by the
inverse Abel transformation. The nitrogen density is extracted through the Gladstone—Dale relation. The obtained results

are in close agreement with values available in the literature.
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1. Introduction

All interferometric methods are based on the interfer-
ence pattern formed by the superposition of light waves which
originate from the same coherent source but traverse different
paths. So the fringe pattern formed by these beams indicates
the local phase shifts arising from the difference in the opti-
cal paths traversed by the interfering beams. The most com-
mon interferometers are Michelson and Mach—Zehnder ones.
Some researchers have measured with interferometry the neu-
tral density profiles of cylindrical gas jets in a wide range of
voltage support. The sensitivity of this diagnosis and the math-
ematical processing of the data allow us to measure the neu-
tral density of a gas jet.!':?] There are also some other optical
methods based on holographic interferometry using reference
hologram and reference fringes. [>#

Rabat and de Izarra used an interferometric method to de-
duce the temperature of the rotational plane free OH radical
in 2004. The temperature was extracted from an interfero-
gram via a phase shift introduced by the refractive index in
the medium investigated. The refractive index is related to the
temperature by the Dale—-Gladstone equation and the ideal gas
law. 1!

Recently, many advanced optical methods have been de-
veloped to measure the temperature of such an object. Lee et
al. in 2012 used fiber optic interferometers to sense various
physical parameters including strain, temperature, pressure,
and refractive index. They presented in detail some specific
examples of interferometeric sensor technologies and showed
their large potential in practical applications.!®! Lu ef al. in
2009 achieved the simultaneous measurement of the refractive
index and the temperature by using a Mach—Zehnder interfer-
ometer. They showed that the wavelength of the peak atten-
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uation of interference with the specific sequence in the trans-
mission spectrum changes with the variations in the refractive
index of the environment and the temperature. ]

On the other hand, the use of the corona discharge with
the Mach—Zehnder interferometer is very interesting for un-
derstanding the phenomenon between ion gas and neutral gas.
The study of this phenomenon is based on the experimental
configuration point to plane under high voltage. From this per-
spective, Lemerini ef al. in 2009 and Ferouani et al. in 2010
studied the effect of negative-corona discharge on the dynam-
ics of nitrogen gas. They showed that the transfer of energy
plays an important role in the evolution of neutral particles.®]

In this paper, we determine the mapping of the density
of nitrogen gaseous subjected to a stationary corona discharge
by using a Mach—Zehnder interferometer, which has the ad-
vantages of being highly stable, insensitive to vibrations, and

simple to use.

2. Experimental setup

Figure 1 shows the complete experimental setup, includ-
ing the He—Ne laser source, the PC control unit, the interfer-
ometer, the Ny source cylinder, and the generator. Figure 2
shows a schematic of the Mach—Zehnder interferometer used
in this study.

The device is an optical system with a division of ampli-
tude. The discharge system consists of two electrodes, a tip
and a plane made of stainless steel. The radius of curvature of
the tip equals 150 um and the diameter of the plane is 25 mm.

The distance between the electrodes is 6 mm.
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Fig. 1. (color online) Overall picture of the Mach—Zehnder interferom-
eter set up.
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Fig. 2. (color online) Configuration of the Mach—Zehnder interferome-
ter system.

A red He—Ne laser beam (0.6328 um, 10 mA) is expanded
(about 6 mm in diameter) with a collimator and then split into
two beams in the Mach—Zehnder interferometer with a blade
separator. A spatial filter is used at the output of the laser to
obtain a filtered beam which is clean and very close to a plane
wave. We also ensure that the two beams obtained are strictly
identical in width and intensity. One of these beams, the ob-
ject beam, will pass through the discharge, while the other, the
reference beam, will not undergo any disturbance. These two
rays of light have the same optical path when the discharge
does not occur. So they will interfere and form interference
fringes after the semi-reflecting mirror on the editing. The
fringes are straight and perpendicular to the axis of the dis-
charge. When the object beam passes through the phase shift
medium and obtains a change in its phase, it will have a phase
delay relative to the reference beam. This delay is visible and
measurable by observing the deformation fringes on the inter-
ferogram.

The image lag of the gas is recorded with a CCD camera
which is placed at the location of the fringes. With this acqui-
sition system, we determine the phase shift with an accuracy
of 0.1°, which corresponds to a spatial resolution of 0.1 mm
when it is related to the actual dimensions of the discharge. To
feed this system, a high-potential generator (30 kV, 0.6 mA)
is used. The current-stabilized generator is connected to the

point of discharge by the intermediary of a 25 M resistance.
Nitrogen gas coming from the N, source cylinder is measured
using a manometer, and the residual pressure in the vacuum
chamber is lower than 10~* mbar. The initial temperature is
kept at 300 K.

3. Mathematical model

In general, the refractive index n of the plasma is the sum
of the contributions of different constituents

(n=1p=n=1)a+n—=1)p+(n—=1)+ +(n—=1), (1)

where pl, a, a*, at ande represent plasma, ground state atom,
excited atom, positive ion, and electron, respectively. We can
also introduce the density of the i-th species N; and the corre-
sponding coefficient of refractivity K;. So the different terms
in Eq. (1) can be written as

(nf 1)& = KuN,, (I’l - l)aJr = Ka+Na+a

Finally equation (1) can be written as
(I’l — l)pl = KuNy + Ky N+ + K+ Nyt+ + KeNe. 2)

When the light wave generated from a coherent light
source passes through a corona discharge, the phase infor-
mation of the light wave varies due to the variation of the
refractive index of the discharge. To calculate the density,
we must first calculate the refractive index from the Abel
inversion!10-11]

R
ki) =3 [ LG LN 3)
A P22
y

where k(x,y) denotes the phase shifting at position (x,y), A is
the wavelength of the laser used, n(x,y) is the refractive index
along the ray path through the discharge, R is the study ray, r
is the discharge ray, and x and y are the coordinates of each
point. The integration occurs along the path that the object
beam follows through the discharge.

Once the refractive index is calculated, we can determine
the density of neutral particles by using the Gladstone—Dale
relation!!>~14]

n—1=Ny((l—a)Cy+aC)+neCe, 4)

with n being the index of refraction of the medium, N, the
density of the neutral particles, n. the density of electrons, and
a the degree of ionization. Here C,, C;, and C, are the Glad-
stone constants and correspond respectively to the populations
of neutrals, ions, and electrons.

In a weakly ionized gas, as in the case of the plasma
created by the corona discharge, the degree of ionization is
small. The detectable minimum electron density of our sys-
tem is about 10'? electrons per cm>. Forn!'>! showed that the
electron density is less this minimum during the transition to
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the arc. Thus, the contribution of the charged particles is neg-
ligible. Thus the variation of the optical path is due only to the
variation of the density of the neutrals species. The relation of
Gladstone—Dale becomes

n—1=pCy, )

where p is the mass density, and C; is the Gladstone coeffi-
cient, Cg = 2.2610~% m? ~kg_1.

Equation (5) can also be written with wavelength A, de-
phasing A® between the fringes, and length L of the path of
the beam inside the disturbed medium

(6)

Using Eq. (6), we determine the index of refraction, then cal-
culate the density of neutral particles.

4. Results and discussion
4.1. Pressure 220 Torr

Figures 3—5 show respectively the interferogram without
corona discharge, the interferogram with corona discharge,
and the interferometric image which represents the phase shift
created when we apply the corona discharge. Then we deduce
the spatial distribution of the nitrogen density.
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Fig. 3. Interferometric image without application of DC corona discharge.
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Fig. 4. Interferometric image with application of DC corona discharge.
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Fig. 5. Phase shift image of nitrogen gas (220 Torr, 300 K).

In Fig. 5, we observe the phase difference caused by the
application of the discharge in all space, and we note the for-
mation of a cone reducing the discharge area. We also note
that the variation is especially important in the vicinity of the
plane. Then we apply the inversion Abel to obtain the spatial
distribution of the nitrogen density.

Figure 6 represents the cartography of the nitrogen den-
sity subjected to a stationary negative corona discharge at
220 Torr. This image is obtained with a numerical algorithm
which is based on the Pearce method,!!?! the Abel transforma-
tion, and the Gladstone-Dale relation.!'!] We observe clearly
in this image the effect of the discharge on the neutral parti-

cles. We note an average density of 1.4x10%> m~3.
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Fig. 6. (color online) Cartography of nitrogen gaseous density at
220 Torr.

4.2. Pressure 400 Torr

We increase the pressure to 400 Torr, and the results are
shown in Figs. 7 (interferogram without corona discharge) and
8 (interferogram with corona discharge). As mentioned previ-
ously, we present the image of the phase shift between these
two interferograms in Fig. 9. Figure 9 shows the phase differ-
ence caused by the application of the discharge. We notice in
this figure that the disturbance has increased in the plane with
respect to that obtained at 220 Torr.

Figure 10 shows the spatial distribution of the nitrogen
density subjected to negative corona discharge at 400 Torr. We
observe clearly in this image the effect of the discharge on the

neutral particles. we note an average density of 2.0x 10% m 3.
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discharge

Now we fix the pressure at 760 Torr. We obtain the inter-
ferograms in Figs. 11 (without the discharge) and 12 (with the
discharge). The phase shift between these two interferograms
is shown in Fig. 13. We notice the following phenomena in
Fig. 13. The neutral particles spread along at the cathode due
to the pressure created by the corona discharge. In the vicinity
of the point, the neutral particles move, which is absent in the
previous cases of 220 Torr and 400 Torr.
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Fig. 7. Interferometric image without application of DC corona dis-
charge.

i } Eiiihout 4.3. Pressure 760 Torr
A

fii

without
discharge

= o

with
| discharge

=

1760 Torr
300 K

HETHTTTHTHTTN

Fig. 11. Interferometric image without application of DC corona discharge.
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Fig. 8. Interferometric image with application of DC corona discharge.
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Fig. 12. Interferometric image with application of DC corona discharge.
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Fig. 9. Phase shift image of nitrogen gas (400 Torr, 300 K).
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Fig. 13. Phase shift image of nitrogen gas (760 Torr, 300 K).
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Figure 14 shows the spatial distribution of the nitrogen
Fig. 10. (color online) Map of the density of nitrogen gaseous at 400 Torr. density at 760 Torr. We note again that the disturbance has

075205-4



Chin. Phys. B Vol. 24, No. 7 (2015) 075205

significantly increased in almost all space. This is the conse-
quence of the heating neutral which becomes very important
due to the energy transfer of the electrons.
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Fig. 14. (color online) Map of density of nitrogen gaseous at 760 Torr.

Figure 15 shows the axial evolution of the neutral density
at three different pressures 220 Torr, 400 Torr, and 760 Torr.
When the pressure increases, the neutral movement becomes
very important. This variation is caused by the space charge
which becomes significant and strongly affects the electric
field distribution. We find that the rate of decrease is between
5%—-10% at 220 Torr; 15%—-25% at 400 Torr, and 25%—45% at
760 Torr.
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Fig. 15. Axial evolution of neutral density in negative DC corona dis-
charge at different pressures.
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Fig. 16. Radial profile of neutral density in negative DC corona dis-
charge for various pressures at position z =3 mm, where z = 0 represent
the plane , z = 6 mm represent the point, r = 0 corresponds to the axis
discharge, and » = 25 mm corresponds to the diameter of the plane.

We present a set of curves in Fig. 16 illustrating the radial
distribution of nitrogen density corona discharge at different
pressures. We observe the wave propagation generated by the
corona discharge. When the electrons are strongly collisional,
the neutral gas not only is the source of the charged particles,
but also intervenes with the general dynamics of the discharge.
We can also note that the external electric field is perturbed by
the presence of the space charge which reduces the total dis-
tribution of the resultant electric field.

5. Conclusion

We have demonstrated in this study that we can obtain
cartography of the density for any gas subjected to corona dis-
charge with the Mach—Zehnder interferometry. The refractive
index and density are key parameters needed for any process
control as well as for understanding and modeling. So, our
main results can be summarized as follows. (i) The Mach—
Zehnder interferometer allows us analyze and diagnose any
gaseous medium and understand the movement in all space.
(i1) The distribution of the density in all space is inhomoge-
neous caused by the variation of the pressure. (iii) The re-
sultant electric field is affected by the space charge which in-
fluences the evolution of density. (iv) The energy transfer be-
tween gas ion and gas neutral causes local variations in density
of neutral species.
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