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Annotation. In this paper the model of the cathode spot of a vacuum arc is
considered in the framework of the drift-diffusion representation. It is shown
that the main source of electrons, providing the current transport of vacuum
arc, are ionization processes in the cathode zone, while the emission processes
are an auxiliary source of initial electrons. The effects associated with the
distribution of electron density in the plasma column of cathode spot, in
particular the formation of a “plasma reaction zone” and “ionization wave”, are
discussed.

For proper developing the techniques and methods for producing nanopowders in the
plasma of low pressure arc, it is important to understand the processes occurring in the
cathode spot and parameters that have the greatest influence on the physical and chemical
properties of nanopowders [1-12].

In this paper the model of the cathode spot of a vacuum arc is considered within the
drift-diffusion representation. All the studies showed that the arcs have much in common with
the spark discharges, [13] however, the traditional models of Townsend avalanche-streamer
mechanism of plasma production cannot be applied due to the short length of the cathode
spot.

The system of differential equations has been solved in the Comsol software package by
the finite element method.

Since all the processes in the cathode spot are defined with characteristic time intervals
of 5-100 ns, then the solution of the problem of ionization is sufficient for solving the drift-
diffusion Nernst-Planck-Einstein equations, supplemented by the Poisson equation, neglecting
the processes of plasma formation, electrical neutrality, etc. That allows revealing the
influence of the separate mechanisms of ionization on the structure and dynamics of the
cathode spot.
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where ne, n. are concentrations of electrons and ions, respectively, ¢ is the electric potential.
The source function for the electrons if defined taking into account the appearance caused by
impact ionization with a frequency of vion(E), losses after the adherence with a frequency of
vatt(E), and losses at the electrons and ions recombination with the coefficient of Ce. The
source function for positive ions is defined taking into account their appearance caused by the



impact ionization and their losses at the electrons and ions recombination (factor ce is set for
the latter value).

The influence of photoionization was neglected for revealing the influence of different
sources of ionization on the structure and dynamics of the cathode spot (Spn = 0, Syn = 0). The

jons and electrons concentration flows, defined as Ne:—DeVne—,ueneE,

N, =-D,Vn, —u+n+E , consider the diffusion and drift component respectively.

Since these intervals are not more than 10 ns, thus during this time, according to the
equation shown above, the ions are displaced up to 1 um [14], Therefore, the diffusion and
ion mobility in the fields, which are not too high, can be considered as constant and equal to
3.7 10° [m?/s].

Assuming that arc discharge contains no negative ions (as evidenced by numerous
studies) the sticking coefficient can be neglected.

The coefficient of recombination of electron with simple ions (c,.;) has the main channel
of recombination called dissociative. Constant value of c.; equal to 10™°* m*/s was assigned for
simulation, since it varies insignificantly in the investigated range of the electric field
intensity.

In this model nonstationary one-dimensional problem with a uniform field was solved.
The electrons were emitted from the cathode and this process was constant in time. The
emission of electrons was taken into account in the form of insignificant (10™® m™) initial
concentration on the boundary cathode-metal vapor. It was assumed that the emission
electrons are the seed particles to start the main ionization processes. lonization and
recombination processes took place in the gap and were taken into account as a reaction rate.
The initial concentration of the ions was defined according to the potential decrease across the
gap and was located in the ionic cloud zone. The initial concentration of ions and electrons in
the discharge gap was zero.

The boundary conditions for the cathode zone are presented in the form of:

—ﬁl— D.Vn, —yeneEJ: 0, —ﬁ[— D,Vn, —,u+n+EJ: 0.
The boundary conditions for the ionic cloud zone were taken from the conditions of

ionization and recombination, and also diffusion and drift processes in the discharge gap.
They can be represented, for example, as follows:

—n[ D.Vn, yeneEJ Noe » n[ D.vn, —pu.n, EJ
where N, and N,, are time-constant values for the flow of ions and electrons.

Let’s analyze the main stages of the development of the arc discharge. The figures show
the development of the arc discharge at different points in time. Fig.1,a shows the change in
the concentration of electrons emitted by the cathode in the process of moving to the ion
cloud. The number of electrons in it gradually increases under the influence of impact
ionization, and the radius of the cloud increases due to the diffusion. The bulk charge is too
small for significant changing the electric field that is the initial phase.

Two electron density peaks are clearly seen during the development of the arc
discharge. The first peak is the main and is observed in the cathode zone, while the second is
observed near the ion cloud. The appearance of the second peak is caused by the first few
electrons reached the ion cloud. Because of the diffusion some separate electrons reach it
before all the other electrons. These electrons lead to a rapid increase in the concentration
right at the ion cloud due to a high field intensity near ions and as a consequence, due to a



high ionization rate. This peak rapidly exceeds the first one by magnitude and becomes
noticeable on the background in the moment of time t = 2.8 ns. Nevertheless, since the rate of
ionization processes is much higher than electron drift rate, the first peak begins to grow
rapidly and they become equal at a moment of time of 4.2 ns.
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FIG. 1. Electron (a) and ion (b) concentration in the cathode zone in the time intervals of
2 to 5 ns in increments of 0.1 ns
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Due to intense ionization in the cathode layer, the uncompensated positive charge is
gradually accumulated (Fig. 2), and begins to influence the external electric field, displacing it
from the zone of increased concentration of electrons to the boundary of this zone. The zone
with increased ionization is also moved there. This leads to increasing the concentrations of
ionized particles before the boundaries (Fig. 1,b). Thus the zone of high concentration of
charged particles changes its border again. Electron cloud starts to spread towards the cathode
from the ion cloud. From this point it can be called "reflected™ electron cloud. At this time the
state of the zone with high concentration of electrons changed to the plasma state —the field is
displaced from here, the bulk charge is practically zero.
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FIG. 2. The diagram of distribution of the bulk charge [C/m®] in the cathode zone at the
moments of time of 2 to 5 ns in increments of 0.1 ns

Space charge density (C/m?)

The above-stated correlates the current understanding of the formed cathode spot
structure, which is characterized by the plasma channel, and its field is displaced to the outer
boundary of the channel [14,15]. The field peak in this case is located at the front boundary
between the cathode zone and the ion cloud. If the arc is developed in the field formed by the
electrodes, practically not having changed it, then since the formation of the plasma channel
the conductive zone is developed at the expense of the newly formed plasma, deforming this
field and forming a “plasma reaction zone” [16,17]. These peaks become new centers of the
ionization processes where emission electrons are involved as seed electrons. A new plasma
zone with high concentration of electrons ionization is generated as a result of ionization,
which lengthens and narrows the plasma channel, displacing the electric field. The ionization
wave moves as described above.



The rate of arc current increase is the rate of ionization wave, which can be much higher
than a rate of ions move [18].

The field intensity in the plasma channel is less than in front of it. The field intensity it
is too low and the impact of ionization in the channel does not occur. The key role is played
by the loss of electrons due to recombination process.

In this paper the structure of the plasma column in the uniform field has been calculated
within the computer model of the cathode spot. The principle advantage of this model is use
of the least possible number of equations to describe all the basic parameters of the cathode
spot of a vacuum arc discharge.

It has been shown that the field intensity of the plasma column is significantly reduced
the column is surrounded by the bulk charge of the slow positive ions, providing high field
intensity in front of it. At the stage of a plasma reaction zone ionization of the metal vapor is
predominantly carried out in a thin layer in front of the ions cloud, while ion recombination
predominates in the column. lonization provides a constant elongation of conducting plasma
column and moving the bulk charge layer on the outer boundary of the current state, i.e.,
towards the cathode. This, in turn, leads to a displacement of the local maximum of the
electric field and to the displacement of the zone of intense ionization, and provides the
movement of the so-called ionization wave.

Acknowledgements. The work was performed with a support of the State R&D Task of
the Ministry of Education and Science of the Russian Federation (Task No. 11.370.2014/K).

References

[1] Karpov I, Ushakov A, Fedorov L and Lepeshev A 2014 Technical Phys. 84 559. doi:
10.1134/S1063784214040148.

[2] Ushakov A, Karpov I, Lepeshev A, Petrov M and Fedorov L 2014 JETP Letters 99 99.
doi: 10.1134/S002136401402009X.

[3] Ushakov A, Karpov I, Lepeshev A and Petrov M 2015 J. Appl. Phys. 118 023907,
http://dx.doi.org/10.1063/1.4926549.

[4] Ushakov A, Karpov I, Lepeshev A, Fedorov L and Shaikhadinov A 2016 Technical Phys.
86, 103. doi: 10.1134/S1063784216010230.

[5] Ushakov A, Karpov | and Lepeshev A 2016 Technical Phys. 86, 260. doi:
10.1134/51063784216020262.

[6] Lepeshev A, Karpov I, Ushakov A and Nagibin G 2016 J. of Alloys and Compounds 663
631. doi:10.1016/j.jallcom.2015.12.168.

[7] Lepeshev A, Karpov I, Ushakov A, Fedorov L and Shaikhadinov A 2016 Intern. J. of
Nanoscience 15 1550027,

[8] Karpov I, Ushakov A, Lepeshev A and Zharkov S 2016 Vacuum 128 123. doi:
10.1016/j.vacuum.2016.03.025.

[9] Fedorov L, Karpov I, Ushakov A and Lepeshev A 2015 Inorg. Mater. 51 25. doi:
10.1134/50020168515010057.

[10] Ushakov A, Karpov |, Lepeshev A, Petrov M and Fedorov L 2015 Phys. of the Solid
State 57 919. doi: 10.1134/S1063783415050303.

[11] Rudenko K, Miakonkih A, Rogojin A, Bogdanov S, Sidorov V and Zelenkov P 2016
IOP Conf. Ser.: Mater. Sci. and Engineering 122 012029. doi: 10.1088/1757-
899X/122/1/012029.



[12] Telegin S and Draganyuk O 2016 IOP Conf. Ser.: Mater. Sci. and Engineering 122
012033. doi: 10.1088/1757-899X/122/1/012033.

[13] Korenyugin D, Martsinovsky A, Orlov K 2009 Tech. Phys. Lett. 35 944. doi:
10.1134/S1063785009100204.

[14] Rakhovskii V 1976 IEEE Transactions on Plasma Science. PS-4 81. doi:
10.1109/TPS.1976.4316943.

[15] Mesyats G and Oks E 2013 Tech. Phys. Lett. 39 687. doi 10.1134/S1063785013080105.

[16] Harris L 1982 Cathodic processes. Vacuum arc. (Moskow: Mir)

[17] Tsventoukh M, Barengolts S, Mesyats V and Shmelev D 2013 Tech. Phys. Lett. 39 933.
doi 10.1134/S1063785013110138.

[18] Daalder J. 1975 Phys. D: Appl. Phys. 8 1647. doi: 10.1088/0022-3727/8/14/009.


http://link.springer.com/journal/11455
http://dx.doi.org/10.1109/TPS.1976.4316943
http://link.springer.com/search?facet-creator=%22G.+A.+Mesyats%22
http://link.springer.com/search?facet-creator=%22E.+M.+Oks%22
http://link.springer.com/journal/11455
http://link.springer.com/search?facet-creator=%22M.+M.+Tsventoukh%22
http://link.springer.com/search?facet-creator=%22S.+A.+Barengolts%22
http://link.springer.com/search?facet-creator=%22V.+G.+Mesyats%22
http://link.springer.com/search?facet-creator=%22D.+L.+Shmelev%22
http://link.springer.com/journal/11455
http://dx.doi.org/10.1088/0022-3727/8/14/009

