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SIMULATOR Plasma Source for Planar Electrodes, SPSPE, was designed to verify the
experimental results of planar anode and cathode which were obtained previously using
nitrogen gas. Experimentally, the glow discharge was carried out at operating pressure values
in the range of 0.1 - 0.6 Torr and the distance between the disc anode - disc cathode distance
equal to 10 cm using nitrogen gas. The comparison between SPSPE and the experimental
values at different product of pressure and distance values for breakdown voltage, discharge
current and the second Townsend coefficient using nitrogen gas was made. It was found a
good match between SPSPE and the experimental values. Also, the first Townsend coefficient
was calculated by SPSPE at different product of pressure and distance values using nitrogen
gas, while breakdown voltage and discharge current were calculated by SPSPE at different
product of pressure and distance values using nitrogen, argon and carbon dioxide gases. It was
found that the minimum breakdown voltage values equal to 472.77, 232.26 and 349.27 volts
at minimum product of pressure and distance values equal to 1.5, 1 and 0.75 Torr.cm using
nitrogen, argon and carbon dioxide gases, respectively. Also, it was found that the minimum
discharge current values equal to 0.5228 mA and 3.65 mA at minimum product of pressure and
distance value equal to 1 Torr. cmusing nitrogen and argon gases, respectively. While minimum
discharge current value equal to 7.8 mA was obtained at minimum product of pressure and
distance value equal to 0.75 Torr.cm using carbon dioxide gas.

Keywords: Simulator plasma source, First and second townsend coefficients, Paschen’s law,
Breakdown voltage, Discharge current

Introduction

Plasma is the fourth state of matter that contains
the electrons, neutral atoms, excited molecules,
free radicals, positive and negative ions [1,2]. To
generate the plasma, there is a gas discharge that
can be carried out by direct current, alternating
current as radio-frequency or microwave. These
plasma sources have many applications used
in deposition of thin and thick films, materials
treatment including surface modifications, light
sources, semiconductor processing and treatment
of waste [3-10]. The plasma can be classified
into low and high temperature, where the low
temperature, cold plasma, is divided into two
types that are low and atmospheric pressures [11-
14].

Technologies of plasma processing have been
developed for different applications especially the
surface modification of many materials [15-19].
The plasma generation at atmospheric pressure has
a lot of applications in space technology that need
a high voltage for the gas discharge to be formed
[20]. The plasma can be maintained between two
electrodes in the gas medium by applying a voltage
exceeding the breakdown voltage of the used gas.
This breakdown voltage relays on the product of
gas pressure, P, and the gap distance, d, between
the electrodes which is called the Paschen’s law
[21,22]. The minimum Paschen condition can
be observed when the electrodes distance is less
than a millimeter under the atmospheric pressure.
The expected applied voltage for the working gas
breakdown is a few hundred volts. On the other
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hand, at the atmospheric pressure and the distance
between electrodes equal to 5 mm the breakdown
voltage for argon gas is raised a few kilo volts
[20].

The aim of this study is to design a simulator
based on the gas discharge equations to form a
plasma. This is necessary for establishing and
working for any plasma source that is suitable for
obtaining the best operating conditions. In this
work, SPSPE is designed to compare the simulated
results with the previous experimental results for
parallel disc anode - disc cathode plasma source
characteristics [23]. The comparison between
SPSPE and the experimental values was made
at different product of pressure and distance,
Pd, values for breakdown voltage,V,, discharge
current, I, and second Townsend coefficient,
v, using nitrogen gas. Also, V, and I for plasma
source using nitrogen, N,, argon, Ar and carbon
dioxide, CO,, gases were studied. While the first
Townsend coefficient, o, is calculated by SPSPE
at different Pd values using nitrogen gas. The
importance of this simulator is to reduce and save
the efforts, time and the materials used to produce
good discharge characteristics for different
applications.

Simulator Study

Electrical discharge at low pressure

In d.c. gas discharge, when a potential is
applied between two electrodes in a gas then
the current flows through the gas between
these electrodes and converts it from insulating
dielectric to conducting gas. The breakdown
voltage in planar geometry of glow discharges, Vb
=E.d, where E is the electric field and d is the gap
distance between two electrodes. Paschen found
that the breakdown voltage can be described by
the equation [24]:

BPd
InfAPd)— Infln{1=5]
!

Vi = 0]

where A and B are gas constants and equal to
(13,413),(16,240) and (27, 621) for N, Ar and
CO, gases, respectively, P is the gas pressure,
d is the gap distance between two electrodes
and vy is the second Townsend coefficient(the
number of secondary electrons produced per
incident positive ion). At large Pd, V| increases
which means high-pressure insulation. At some
critical value of Pd, V goes infinite that called
vacuum insulation and in between, there is a
minimum.
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Simulator plasma source for planar electrodes
(SPSPE)

SPSPE is used to carry out the suitable
experiment needed to various applications and
economize the used materials with definite
conditions. In which, the different parameters
with different input variables as the gas type,
the electrodes geometries, distance between
electrodes, and gas pressure are designed [25].
One relation can be studied by SPSPE is the
Paschen’s lawas in the equation [26]:

Vv, =f(Px d) )

The minimum value for breakdown voltage,
(V) 18 constant for the given electrodes in
a definite gas. The V, versus Pd curve is found
by applying a voltage across two electrodes
in a vacuum chamber [27]. When the applied
voltage between anode and cathode increases, the
discharge current increase. From Child - Langmuir
equation, the maximum current density, I (A/
cm?), can be calculated by the relation [26, 27]:

_eV¥i/ a4 \
1=2.334x10° () 3)
Where V is the potential drop across the gap
distance between two electrodes in volts and d is

the gap distance between two electrodes in meter.

Figure 1 shows an example of the Simulator
Graphical User Interface (GUI) for planar
geometry plasma source. This work introduces
a verification of V,, I and y versus different Pd
values for disc anode - disc cathode which are
previously determined experimentally [23]. In
addition, o versus different Pd values is calculated
by SPSPE using N, gas. Also, the error percentage
between experimental and SPSPE values for V,,
I, and y is calculated using N, gas. Finally, V,
and I versus different Pd values are calculated by
SPSPE using N, Ar and CO, gases.

SPSPE discharge characteristics

From the experimental results for parallel
disc anode - disc cathode plasmasource [23],
the discharge characteristics were verified and
compared using SPSPE. The SPSPE values of
V,, 1, and y versus different Pd values for disc
anode —disc cathode distance equal to 10 cm
were determined using N, gas. Figures 2, 3 and
4 show the comparison between SPSPE and
the experimental values for V,, I, and y versus
different Pd values using N, gas.
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Fig. 1. Simulator Graphical User Interface (GUI) for planar geometry plasma source.

Figure 2 shows V, versus different Pd values
calculated by SPSPE values and compared
with the experimental values for planar anode -
cathode using nitrogen gas [23]. It was clear that
as gas pressure increased, V| is increased linearly.
The increase of V, at low Pd values can be
explained by the need to compensate for a small
number of collisions. While at high Pd values due
to a large number of collisions,V, is increased in
order to enhance energy gain between collisions,
when mean free path is getting shorter and the
energy gained between two collisions becomes
smaller. In the range of the Paschen minimum,
the production of charges by ionization and
secondary electrone mission are well balanced
with losses by attachment, diffusion and drift.
Also, there is matching between the experimental
and simulated values at low Pd, while at high Pd
values the experimental values are higher than the
simulation values. This is due to the experimental
error of the measuring instrumentations used
in the experiment. Table 1 shows the simulator
and experimental values of V,_ with its error
percentage.

Figure 3 shows SPSPE values compared with
the experimental values of I versus different Pd
using N, gas. It is found that I increases with

increasinggas pressure. Also, it is clear that
there is matching between the experimental and
simulated values. Table 2 shows the simulator and
experimental values with its error percentage.

Figure 4 shows y calculated by SPSPE versus
different Pd valuesusing N, gas and compared
withthe experimental values. It is found that at
low pressure, Y increases slowly with increasing
gas pressure. This is due to long electrons mean
free path between collisions which lead to few
ionizing collisions. While at high pressure, y
increases rapidly with increasing gas pressure.
This is due to the increase in the number of ion
collisions on the cathode with increasing gas
pressure. Also, it is clear that there is matching
between the experimental and simulated values.
Table 3 shows the simulator and experimental
values of y with its error percentage.

Figure 5 shows a calculated by SPSPE versus
different Pd values using N, gas It was clear
that a (the number of first electrons produced
per incident positive ion) values decreases with
increasing gas pressure. When the gas pressure
increases, the electronsmean free path between
collisionsdecrease and therefore the ionization
decreases and as a result a decreases. Table 4
shows the simulator values of a using N, gas.
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TABLE 1. Simulator and experimental values of V,
900.00 with its error percentage.
N,
Pd V, s Vv
| - ) (Sim.) b (Exp.) o,
80000 | eV, (Exp) (Torrem)  (volts) (voit) _ error %
AV (Sim.)
1 477.78 480 0.4646
£ 70000 1.5 47277 475 0.4717
< 2 516.01 515 0.1957
=7 600,00
2.5 567.50 560 1.3216
500,00 | 3 614.37 605 1.5251
3.5 650.06 645 0.7784
400.00 S — . . . 4 675.79 685 1.3628
&
012 3 e s 678 45 696.19 726 42818
Pd (Torr.cm)
5 714.37 767 7.3673
Fig. 2. SPSPE and experimental values of V,
versus Pd using N,. of V with its error 5.5 731.65 810 10.709
percentage. 6 748.41 849 13.441
s TABLE 2. Simulator and experimental values of I,
) : with its error percentage
40 N;
4z | e I; (Exp.) Pd La simy La e error %
- A 1, (Sim.) (Torr.cm) (mA) (mA)
30 ! 1 0.5228 0.55 5.203
2 1 15 2.6728 2.7 1.018
E " 2 5.2728 53 0.5159
= 1( 2.5 9.9728 10 0.2727
1; 3 14.0728 14.1 0.1933
- 3.5 16.5728 16.6 0.1641
‘_ 4 23.0728 23.1 0.1179
! 4.5 25.9728 26 0.1047
0 1 2 3 4 5 6 7
- 5 31.2728 313 0.087
Pd (Torr.cm) 5.5 350728 35.1 0.0776
Fig. 3. SPSPE and experimental values of Idversus 6 38.1728 382 0.0713
Pd using N, gas. of Id with its error
percentage.
TABLE 3.Simulator and experimental values of y
0.07 with its error percentage.
0.06
Pd Y (Sim.) b4 (Exp.) error %
0.08 1 0.0042 0.0045 7.143
0.04 1.5 0.0052 0.0047 9.615
= 0.03 2 0.0053 0.00512 3.396
2.5 0.0052 0.0054 3.846
002 3 0.0056  0.0061 8.929
0.01 3.5 0.0073 0.0078 6.849
0 4 0.0111 0.01 9.910
0 1 2 3 4 5 6 7 4.5 0.0177 0.016 9.605
Pd (Torr.cm) 5 0.0278 0.028 0.719
Fig. 4. SPSPE and experimental values of y versus Pd 5.5 0.0422 0.042 0.474
using N, gas.of y with its error percentage. 6 0.0617 0.06 2755
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Figure 6 shows V| calculated by SPSPE versus
different Pd values using N, Ar and CO, gases.
It was obvious that as gas pressure increased, V,
is decreased until reaching a minimum value and
after that V| is increased. It is found that (V,) .
values are equal to 472.77, 232.26 and 349.27
volts at (Pd) . equal to 1.5, 1 and 0.75 Torr.cm
using N, Ar and CO, gases, respectively. It is
deduced that (V,)_. of higher molecular weight
gas occurs at lower (Pd) . value. Table 5 shows
the simulator values of V, versus Pd using N2, Ar
and CO, gases.

Figure 7 shows I, calculated by SPSPE versus
different Pd values using N, Ar and CO, gases. It was
obvious that as gas pressure increased, I, decreased
until reaching a minimum I, value and after that I,
was increased. It was found that (I)) . values are
equal to 0.5228 mA and 3.65 mA at (Pd) . equal to
1 Torr.cm using N, and Ar gases, respectively. While
(1), value is equal to 7.8 mA at (Pd) . equal to 0.75
Torr.cm using CO, gas. Table 6 shows the simulator
values of I, using N,, Ar and Co, gases.

Pd (Torr.cm)

Fig.5. Simulator values of a versus Pd using N2 gas.

1000
%00 |
800 | N
700 |
z 600 |
:3_ 500 |
= 400 }
ao0 w’w‘.‘.—.
200 |
100 |
0 L L L L L L
0 1 2 3 4 s 6 7
Pd (Torr.cm)

Fig. 6. Simulator values of V| versus Pd using
N,, Ar and Co, gases.
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Fig.7. Simulator values of Id versus Pd using

N2, Ar and Co, gases.

TABLE 4. Simulator values of o using N2 gas.

Pd a
1 0.547
1.5 0.525
2 0.5245
2.5 0.5269
3 0.519
3.5 0.4923
4 0.4511
4.5 0.40531
5 0.361
5.5 0.32061
6 0.28453

TABLE 5. Simulator values of V using N, Ar and

Co, gases.
Pd
(Tore. Jsm ey colmte
cm) 2 2
0.5 499.8 359.53 357.09
0.75 490.03 25591 349.27
1 477.78 232.26 389.27
1.5 472.77 246.19 456.54
2 516.01 275.38 532.67
2.5 567.5 306.96 608.54
3 614.37 335.83 678.05
3.5 650.06 358.55 735.82
4 675.79 375.54 782.26
4.5 696.19 389.4 821.73
5 714.37 401.84 857.37
5.5 731.65 413.48 890.53
6 748.41 424.59 921.84
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TABLE 6. Simulator values of I, using N,, Ar and

Co, gases.
Id(Sim.) d(Sim.) d(Sim.)
Pd N,(mA) Ar(mA) CO,(mA)
(Torr.cm)
0.5 2.32 6.13 9.96
0.75 1 4.22 7.8
1 0.5228 3.65 7.92
1.5 2.6728 3.98 10.06
2 5.2728 4.71 12.68
2.5 9.9728 5.55 15.48
3 14.0728 6.35 18.21
3.5 16.5728 7 20.58
4 23.0728 7.5 22.56
4.5 25.9728 7.92 24.29
5 31.2728 8.31 25.89
5.5 35.0728 8.67 27.4
6 38.1728 9.02 28.86
Conclusion

In this work, SPSPE was utilized to evaluate
the gas discharge characteristics between the
planar electrodes with a definite value of each
parameter for different gases to produce plasma
that is necessary for suitable application. A good
match was found between SPSPE values and the
experimental values obtained previously using
nitrogen gas. It is concluded that (V) . values
were equal to 472.77, 232.26 and 349.27 volts
at (Pd) . values equal to 1.5, 1 and 0.75 Torr.cm
using N,, Ar and CO,, gases, respectively. Also,
it was concluded (I) . values equal to 0.5228
mA and 3.65 mA at (Pd) _, value equal to 1Torr.
cm using N, and Ar gases, respectively. While (I)
Limvalue equal to 7.8 mAat (Pd)_. value equal to
0.75 Torr.cm using CO, gas. This simulator is the
first version for planar electrodes and nowadays
we will complete it for cylindrical electrodes,
spherical electrodes and other geometries
suitable for the ion thruster, ion gun and different
applications in nano-technology space science.
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