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Abstract

Theoretical investigation for cathodes of different metals, including hafnium
(Hf), niobium (Nb), tungsten (W), and molybdenum (Mo) were used. It was noticed
that the plasma energy at the cathode (Hf) has a higher value than that at the cathode
metal because the energy losses of electrons for (Hf) are less due to inelastic
collisions. As for the energy of electrons, their value for the metal (Hf) is also higher
than of the other metals, and the reason is that the energy is proportional to the
temperature according to the equation: (E = 3/2 KT). It was also noted that the
energy of ions for all metals is almost equal at temperature (Tw=4000K) due to
energy losses due to elastic and inelastic collisions, this leads to a state of saturation.
There is a large decrease in the voltage barrier accompanied by an increase in the
current density, differences occur in the values of the voltage barrier due to the
difference in the work function which varies according to the metal.
Keywords: Arc discharge, Current flux density, Energy flux density, Voltage
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1. Introduction

Plasma can easily be generated via gas discharge. Arc discharges are created when an
electric current passes through a gas, creating an electric field. Gas discharge plasma is
formed where the electric current is present[1][2]. Typical examples of gas discharge include
flare and arc discharge in a cylindrical tube exposed to a constant electric field. The difference
between a glow and an arc discharge is how electrons are created near the cathode[3][4]. A
glow discharge occurs when the cathode emits electrons as secondary electrons as ions hit the
cathode. Electrons are due to thermal emission mechanisms and spontaneous electron
emission on the cathode during an arc discharge[5][6]. In 2018, Choquet et al. checked
modeling assumptions, emphasizing important yet unexplored modeling issues[7]. While in
2020, Golubovskii et al. explained the fundamental differences between helium contraction
and the contraction of other inert gases (argon and neon)[8]. In 2022, Saifutdinov et al.
described the electrodes for two-dimensional geometry and gas discharge gap[9].

The model used in this paper is based on non-linear surface heating. It is used to simulate
the interaction between high-pressure arc plasma and thermal cathode metals under pre-
determined conditions, including temperature, pressure, the distance between the electrodes,
radius, and cathode quality. Also the included model of the near-cathode plasma layer
investigates how the cathode temperature is affected by the different metals of the cathode.
The cathode metals investigated were hafnium (Hf), niobium (Nb), tungsten (W), and
molybdenum (Mo). Argon gas, with an electrode spacing of r=0.01m and a cathode diameter
of D=0.001, was used to accomplish this and under a pressure of 1 bar.

2. Theoretical part:

The thermal cathode is used in high-pressure arc discharge. It is made up of two regions:
first region is current-collecting part of the cathode surface, which warms the arc plasma by
high pressure arc discharge and is connected to the arc plasma and collects electricity through
the arc discharge, the second region is that which is in contact with the cold gas and may
exchange heat with the gas or lose energy by radiation. It is well known that the cathode
material's thermal conductivity (k) depends on temperature( k = k(T)). It is necessary to
distinguish between the first region, the surface of the cathode, associated with the plasma arc
and the gas connected to the second region. The thin plasma layer near the cathode collects
energy flux density generated by the plasma arc on its surface. Both the voltage drop (U) and
cathode surface temperature (T,,) in this layer affect the one-dimensional current that is
transferred through it. In this study, the relationship between temperature (T,,) and voltage
(U) on the modulus of the plasma layer close to the cathode (the density of the current flux, as
well as the energy transfer from the plasma to the cathode surface) was examined. At each
point of the surface current, the surface layer near the cathode has a low voltage across it.
When the cathode’s surface temperature T,, changes, similarly does the radiation lost from the
surface area in contact with the gas or the cathode's exchange temperature[10].

The first and second portions' current flux density (j) and energy flux density (q) is
described by equations (1) and (2):

q = q(T,,,u) when (T,, = Tc). (@D)]

j =j(T,,u) when (T,,> Tc). 2
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The cathode body's surface temperature distribution can be determined using the cathode
body's thermal conductivity which is represented by the equation in g(T,,, u) function[11]:

V- (kVT) =0 (3)
kS = q(T,, V) (4)

Where; k is Boltzmann's constant, Ty is the temperature of cathode, Tc is the temperature of
the base of the cathode, U is the near-cathode voltage drop and n is a direction locally
orthogonal to the cathode surface and directed outside the cathode.
Under boundary conditions, the cathode surface's portion designated as both the arc plasma
and the cold gas are in touch with n [12]:
=T, )

Where Tc: Temperature of the base of the cathode
The plasma is close to the cathode layer, which comprises the area where currents gather on
the surface and the area where the energy flow is created (both the ionization layer and the
charge sheath that are close to the cathode's surface). The ions that are produced near the
ionization layer heat the surface with the fast plasma electrons and pass through the cathode's
surface. Then, they are accelerated and heated by the ions. There are no ion collisions in the
space charge shell[13]:

Ap = q9i Y e — dem (6)
Where
- The density of the plasma’s energy flux.

q.: Plasma electrons' energy flow density.

Energy flux density from electron emission is known as:q.y,.

q;: The density of ion energy flux.

The following relations can be used to express the energy flux in Equation (1) [14]:

qi = jilz.Up + E —ZAeff + k2T, + ZT,/ 2 —2T,)] (7
qe :je(ZkTe + Aeff) (8)
dem :jem(ZkTw +Aeff) 9)

Where: U is the near-cathode voltage drop, E is the electric field, A,/ is the effective work

function, and T}, is the temperature of heavy particles

The following form can be used to express Equation (5)[15]:

6 = ji(ZeUp + E = ZAcry) + w + [k (2T, + Z2) = (i2kT,, + wy)] (10)

Where:

Z: The average charge number of ions

e: Charge of electron

Jje: Plasma electron current density.

Jem: The density of electrons emitted from the cathode surface at any given time.

ji: The ion current density

T, And T, represent the temperatures of heavy particles (non-charged atoms and ions) and
temperatures of electrons, respectively, E: ionization energy, w;: work of the electric field and
the low voltage in the space charge envelope is given by the constant Up,.

The last part on the right-hand side should be eliminated from equation (10) and this equation
assumes the form[16]:

qi = Jji(zeUp + E —ZAgs5) +w; (11)
The balance of the electron energy product in the ionization energy is given by the following:
. [2kTe .kTe . . 2kTw
]e( > +UD)+3.2]7+]l-E = jom (T+UD)+W3 (12)

The density of the net electric current from the surface of cathode to the plasma is seen in
Equation (13) [17]:
J=Ji+Jem —Je (13)
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The energy flow from the plasma to the cathode surface is given by the following equation:
Gp = ju == (Aegs + 3.2KkT,) (14)
Which represents the difference between the electrical energy of photons and the electrical
energy of electron deposition per unit area at the cathode layer and the current from this layer
to the majority of the plasma. By causing a potential difference on both sides of the junction,
the barrier voltage prevents more electrons from entering to fill the gaps and struggle to get
past the barrier. The following equation gives the voltage barrier's height[18]:

A*T?
¢5 = kT/qIn (=5 (15)
Where: k is Boltzmann constant, T is the temperature, and J, is the saturation current density.

3. Results and discussion:

Figure (1) shows that the density of the plasma's energy flux. (g,) for the cathode made up of
(Hf) is higher than that of the other cathode metals and it is obtained at temperatures (T,,)
lower than that needed for the other cathode metals. The plasma energy values (q,,) of the
cathode made up of (Nb) are higher than those for cathodes made of (W) and (Mo), because

energy (E) is directly proportional to temperature (T,,) according to the equation (E = %KT).

As the temperature increases, the Kkinetic energy of electrons increases. At temperatures
beyond 3500 K, a decrease in the plasma energy was observed due to the collisions between
electrons resulting in the loss of energy.
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Figure 1: Plasma energy vs. cathode surface temperature

Figure (2) shows the relation between the electron energy (q.) and the cathode surface
temperature. It can be noted that the cathode metal (Hf) has a greater electron energy (q.)
value than the other metals. The electron energy (q.) of the cathode metal (Nb) is higher than
that of the metal (W) and the electron energy of this metal (W) is higher than (Mo). The
reason for this is that energy is proportional to temperature according to the equation (E =
EKT ) because increase of electrons kinetic energy. In the temperature range of (4000-5000

K), the energy of the electrons of the four elements is in a stable state (saturated state).
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Figure 2: Energy of electrons (q.) vs. cathode surface temperature

Figure 3 shows that the cathode metal (Hf) emits electrons with an energy that is higher
than that of the electrons emitted by the other metals. This is because the energy lost by the
electrons in collisions with (Hf) is lower than that of the collisions in the other metals due to

elastic and inelastic forces.
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Figure 3: Energy of the emitted electrons vs. cathode surface temperature

Figure (4) shows that the energy of the ions for all cathode metals is approximately the
same at (4000 K), the collision-induced energy loss is the cause of this occurrence. In the
temperature range of 4000 K and above, where the ionic energy of the four elements is in a
steady state (saturated state).
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Figure 4: Energy of the ions vs. cathode surface temperature

Figure (5) shows how the different cathode metals and the electrons temperature affect the
voltage barrier and the current density of the plasma. It is noted that the effect of the
electrons’ temperature on the current density is almost the same for all metals. The current
density values increases gradually at low electrons temperature. The effect of the electrons’
temperature is stabilized at temperatures of (0.8 x 10*K) and above. The reason for this is the
increase of collisions between electrons at high temperatures as well as the different work
functions of the different metals. As for the effect of temperature on the voltage barrier, note
that the voltage barrier starts to increase sharply and the current density increases gradually.
The reason for this is the collision of electrons. At high temperatures, saturation of the current
density will occur due to the processes of ionization and recombination.
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Figure 5: Voltage barrier and the current density of plasma vs. temperature of electrons

According to the metal of the cathode, Figure (6) depicts how the temperature of the electrons
affects the voltage barrier and the current density of the electrons. It was noted that the effect
of the electrons’ temperature on the voltage barrier and the current density is almost equal for
all metals. The current density values increased sharply at low electrons’ temperature, then at
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temperatures of (0.9 x 10*K) and above the effect was stabilized; this is due to the increase in
collisions between electrons at high temperatures and different work functions of metals. As
for the effect of temperature on the voltage barrier, it was noted as the voltage barrier
increases significantly, after temperature Te > 1.5 x 10* K it becomes constant, and the

current density increases, while the increase in the voltage barrier at high temperatures leads

to saturation of the electron current density due to ionization and recombination processes.
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Figure 6: Voltage barrier that affects the current density of plasma vs. electrons’

temperature.

Figure (7) shows, for the different cathode metals, how the electrons’ temperature affects
the voltage barrier and the current density of the electrons emitted from the cathode surface. It
was noticed that at a temperature of less than 1 K, the effect of the electrons’ temperature on
the voltage barrier and the current density is almost equal for all metals. The current density
increases rapidly when the Te < 1.5 x 10* K. The reason for this is the increase in collisions
between electrons at high temperatures as well as different work function of metals.
Regarding the voltage barrier's relationship to the electrons' temperature, it was observed that
the voltage barrier increases sharply while the current density increases gradually due to
electron collisions increase. As a result, the current density of the upstream electrons

eventually reaches saturation.
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Figure 7: Voltage barrier and emitted electrons current from cathode surface vs.

temperature.
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From Figure (8), the effect of the electrons' temperature on the voltage barrier and the current
density of ions according to the types of metals is studied. The effect of the electrons'
temperature on the voltage barrier and the current density of ions is almost equal for all
metals. The current density of the ions increased sharply at low electrons temperatures, then
the effect of the electrons' temperature stabilized at the temperature of (1.5 x 10* K) and
above; this is due to the increase in collisions between electrons at high temperatures as well
as the different work functions of the different metals. Also a high voltage barrier at high
temperatures was observed as a result of the collision between electrons; this led to a state of
saturation of the current density of ions.
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Figure 8: Voltage barrier and current density of ions vs. electrons' temperature.

4. Conclusions:

The energy loss of electrons for the cathode metal (Hf) is less than that of other metals due
to elastic and inelastic collisions, and the energies (qp, qi, ge and gem ) Of metal (Hf) are higher
than that of the other metals used, because the energy is proportional to the temperature

according to relationship E = %KT, which led to the conclusion that metal (Hf) has a higher
plasma energy than the other metals.

Regarding how the temperature of the electrons affects the voltage barrier, it was observed
that the observed stability in the voltage barrier was accompanied by a rise in the current
density. As a result of collisions between electrons.

3. Acknowledgements
Authors would like to thank Mustansiriyah University (www.uomustansiriyah.edu.iq)
Baghdad-Iraq for its support in the present work.

References:

[1] H.F.Jassam and R. A. Ali, “Interaction of near-cathode plasma layers with thermionic electrodes
under high pressure arc plasma,” Journal of Physics: Conference Series, vol. 2322, no. 1, p.
12076, 2022

[2] A. A. Temur, A. F. Ahmed, and R. A. Ali, “Determination of the Mathematical Model for Plasma
Electronic Coefficients of the Earth’s Ionosphere,” lraqi J. Sci., vol. 64, no. 3, pp. 1508-1517,
2023.

[3] B. Hamed, R. A. Ali, and M. T. AL-Obaidi, “Investigation of concentration influence on

5044



Mohamed and Ali Iragi Journal of Science, 2024, Vol. 65, No. 9, pp: 5037-5045

electronic coefficients of HE:NE plasma by predicting a mathematical model,” J. Eng. Sci.
Technol., vol. 17, no. 2, pp. 15501560, 2022.

[4] I. K. Abbas, “Influence of Distance and Argon Flow rate on Pseudomonas aeruginosa Bacteria
Exposed to Non thermal Plasma at Atmospheric Pressure,” Iragi J. Sci., vol. 63, no. 11, pp.
4697-4704, 2022.

[5] M. M. Kadhim, T. H. Khalaf, and Q. A. Abbas, “Study of Rod-Plate DC Discharge Plasma
Characteristics at Atmospheric-Pressure,” Iraqgi J. Sci., vol. 63, no. 11, pp. 4771-4778, 2022.

[6] W. 1. Yaseen, “The electron temperature and the electron density measurement by optical
emission spectroscopy in laser produced aluminum plasma in air,” Iragi J. Sci., vol. 57, no. 2C,
pp. 1584-1590, 2016

[71 L Choquet, “Gas tungsten arc models including the physics of the cathode layer: remaining
issues,” Weld. World, vol. 62, no. 1, pp. 177-196, 2018.

[8] Y. B. Golubovskii, A. V Siasko, and V. O. Nekuchaev, ‘“Peculiarities of glow discharge
constriction in helium,” Plasma Sources Sci. Technol., vol. 29, no. 6, p. 65020, 2020.

[91 A. 1. Saifutdinov, ‘“Numerical study of various scenarios for the formation of atmospheric
pressure DC discharge characteristics in argon: from glow to arc discharge,” Plasma Sources Sci.
Technol., vol. 31, no. 9, p. 94008, 2022.

[10] A. S. Noori, K. A. Aadim, and A. H. Hussein, “Investigate and Prepare silver Nano Particles
Using Jet Plasma,” Iraqi J. Sci., vol. 63, no. 6, pp. 2461-2469, 2022.

[11] L. D. Tsendin, “Nonlocal electron kinetics in gas-discharge plasma,” Physics-Uspekhi, vol. 53,
no. 2, p. 133, 2010.

[12] B. M. Smirnov and D. V. Tereshonok, “Stepwise ionization in a glow discharge cathode layer in
argon,” High Temp., vol. 52, no. 6, pp. 781-786, 2014.

[13] M. S. Benilov, M. D. Cunha, and G. V Naidis, “Modelling interaction of multispecies plasmas
with thermionic cathodes,” Plasma Sources Sci. Technol., vol. 14, no. 3, p. 517, 2005.

[14] M. S. Benilov and M. D. Cunha, “Heating of refractory cathodes by high-pressure arc plasmas:
I,” J. Phys. D. Appl. Phys., vol. 35, no. 14, p. 1736, 2002.

[15] M. Redwitz, L. Dabringhausen, S. Lichtenberg, O. Langenscheidt, J. Heberlein, and J. Mentel,
“Arc attachment at HID anodes: measurements and interpretation,” J. Phys. D. Appl. Phys., vol.
39, no. 10, p. 2160, 2006.

[16] J. Braenzel et al., “Coulomb-driven energy boost of heavy ions for laser-plasma acceleration,”
Phys. Rev. Lett., vol. 114, no. 12, p. 124801, 2015.

[17] R. Hirschler, D. F. Oliveira, and L. C. Lopes, “Quality of the daylight sources for industrial
colour control,” Color. Technol., vol. 127, no. 2, pp. 88-100, 2011.

[18] M. D. Cunha, H. T. C. Kaufmann, D. F. N. Santos, and M. S. Benilov, “Simulating changes in
shape of thermionic cathodes during operation of high-pressure arc discharges,” J. Phys. D. Appl.
Phys., vol. 52, no. 50, p. 504004, 2019.

5045



