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TOPICS 
 

 
1. Fundamentals and modeling of plasma processes, plasma dynamics, 
transport, optical, and thermodynamic properties of plasmas 
 
2. Electrical discharges and other plasma sources, elementary and near-
electrode processes (arc, spark, barrier, surface, glow, and high-frequency 
discharges; microplasma discharges and plasma jets, plasma accelerators; electron 
and ion beam sources) 
 
3. Non-equilibrium effects and atmospheric pressure plasma processes, plasma 
in and in contact with liquid 
 
4. Non-ideal and dusty plasmas, fusion and astrophysical plasmas 
 
5. Laser and plasma interaction with surfaces  
(laser ablation, modification of materials by laser and plasma treatment; reactions 
on a surface, sputtering and deposition) 
 
6. Plasma spectroscopy and other diagnostic methods 
 
7. Plasma applications  
(plasma synthesis and processing of nanomaterials, plasma deposition of functional 
coatings, plasma in medicine and biology, plasma in agriculture, plasmas for 
environmental applications and resource recovery, plasma light sources; plasma in 
micro- and nanoelectronics, in spectrochemical analysis, plasma chemistry, plasma 
metallurgy, etc.) 
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DYNAMICAL CHEMICAL MODEL OF LASER INDUCED PLASMA 

I. Gornushkin1, S. Shabanov2

1BAM Federal Institute for Materials Research and Testing, Berlin, Germany 
2University of Florida, Gainesville, FL, USA 

 
Laser induced plasma (LIP) is a highly dynamic, short living event which 
presents significant difficulty for both diagnostics and modeling. The former 
requires precise spatially- and time-resolved measurements on a micron-
nanosecond scale while the latter needs numerous descriptive parameters; many 
of them can only be obtained from experiment. Diagnostics and modeling 
should always complement each other for obtaining a truthful picture of LIP.  

In this presentation, a newly developed collisional-dominated model will 
be presented. The model is based on the coupled Navier-Stokes, state, radiative 
transfer, material transport, and chemical equations. The model incorporates 
plasma chemistry through the equilibrium approach that relies on atomic and 
molecular partition functions. Several chemical systems are modeled including 
Si-C-Cl-N and B-H-Cl systems. 

The model is used to study the equilibrium states of the systems as 
functions of the concentrations of plasma species and plasma temperature. The 
model also predicts the evolution of number densities of atomic and molecular 
species in the expanding plasma plume.  
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ELECTROSTATIC CUMULATION OF HIGH-CURRENT ELECTRON 
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 The generation of high-power radiation is one of the main goals of 
vacuum terahertz electronics /1,2/. The progress in this field is strongly 
connected with the production of relativistic electron beams with ever-
increasing density in high-current accelerators /1,2,3/. 
 A typical high-current accelerator in THz sources consists of axially 
symmetric cathode and anode /3/. The cathode is hemispherical with a radius of 
curvature of several centimeters and is separated from the concave anode by tens 
of millimeters. The vacuum diode produces ~1 kA of total current at ~1 MV 
applied voltage. The hole in the anode “cuts” only a small central part of the 
accelerated beam (~10 A), which is guided by magnetic field with the strength 
~1 T. Low efficiency of beam use limits applications of such approach. 
 The second disadvantage of conventional accelerators is high value of an 
external guiding field (1 T) that results in large dimensions of the whole system. 
High magnetic fields are necessary to prevent beam expansion due to the 
Coulomb repulsion.  Meanwhile an alternative mechanism precluding beam 
expansion is already well-known. This mechanism doesn’t require external 
guide field at all. It is based on magnetic cumulation discovered by Bennett /4/. 
Magnetic cumulation provides the charged-particle beam intensities as high as 
10 GW/mm2 /5,6/, thus enabling the laboratory investigation of the extreme state 
of matter. However, the large particle energy spread does not permit to use 
magnetically cumulated electron beams for terahertz radiation sources. 
 This paper considers one more alternative for high-power electron beam 
cumulation without use of magnetic field, namely electrostatic cumulation /7/. 
Occurring in a relativistic vacuum diode with a ring-type cathode, this 
mechanism doesn’t suffer from particle energy spread /7/. Our main task here is 
to provide a theoretical description of cumulation mechanism and the 
experimental verification thereof.  We will show that electrostatic cumulation 
provides current densities (>> 1 A/mm2) sufficient to seed high-power terahertz 
sources. 
 It should be noted that electrostatic cumulation was first revealed during 
modeling the relativistic vacuum diode operation /7/. The qualitative picture of 
electrostatic cumulation can be described as follows. In a relativistic vacuum 
diode, explosive electron emission is most intense from the cathode's inner edge 
Fig. 1. Coulomb repulsion causes the charged particles to rush to the region free 
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from the beam. As a result, the accelerated motion of electrons toward the anode 
comes alongside the radial motion to the cathode's   symmetry axis. As a result, 
the high-current beam density increases multifold on the axis of the relativistic 
vacuum diode as compared to the average current density in the cathode-anode 
gap. The reported cumulation mechanism is described for the ring-type cathode 
(the circular cathode with a circular hole). It should be noted that the cumulation 
mechanism doesn't depend on the hole location, i.e. whether or not the hole axis 
coincides with the cathode axis /7/. 

Fig. 2 shows the results of simulations: the dose absorbed by the anode. 
The assumed parameters of the cathode are as follows: cathode radius 30 mm, 
cathode-anode gap 20 mm, and the radius of the inner hole 10 mm.  The 
maximum value of the accelerating voltage pulse is taken equal to 360 kV and 
its duration is 130 ns. The simulated current density in the region of the central 
spot on the anode at the moment corresponding to the maximum accelerating 
voltage is as large as 10 A/mm2, being 5 times greater than the average current 
density of the high-current diode. A typical radius of the spot is about 1 mm. 
Thus, the simulation result indicates the electron-beam cumulation on the axis of 
a high-current diode with a ring-type cathode. 
 The undeniable advantage of this cumulation mechanism over a 
conventional one based on the self-focusing of a high-current beam by its own 
magnetic field is a very low energy spread of particles in the region of the 
maximum current density due to the laminar flow of charged particles. In 
contrast, under the conditions of self-focusing of the beam by its own magnetic 
field, the flow current becomes appreciably turbulent, and the charged particles 
acquire a significant momentum. The electron flow in this case is like a 
compressed relativistic  gas with electron temperature of the order of the voltage 
applied across the diode. 
 To investigate the cathodes and obtain the information about electron 
beam parameters, we use a nanosecond pulse-periodic electron accelerator with 
a compact SF6-insulated high-voltage generator (HVG) as a power supply  
providing pulsed voltage up to 400 kV in 30 Ohm resistive load with half-height 
duration of 130 ns and  rise time of 30 ns  /7/. To obtain integrated full-sized 
imprints of the electron beam, we use a radiochromic dosimetry film placed 3 
mm behind the anode mesh made of stainless steel (the geometrical transparency 
of the mesh is 0.77); the cathode-anode gap is 20 mm. The dosimetry film 
enables to obtain information about the total absorbed dose caused by passage of 
charged particles. After the exposure, the transmission scanning of the dosimetry 
film using the optical filter is made with EPSON Perfection V100 Photo 
scanner. The distribution of the absorbed dose over the beam cross section is 
derived unambiguously from the scanned images and the dose-response 
calibration curve. 
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 Our first experiments had shown that the intense flow of charged particles 
on the axis had burned the film through (see Fig. 3) /7/. For this reason, in 
further experiments we placed 70 μm-thick aluminium foil in front of the 
dosimetry film to decrease the absorbed dose (see Fig. 3). This enabled us to cut 
off the  flows of both  the weakly-relativistic electrons produced at the voltage 
pulse decay and the cathode plasma. The experiments conducted with one, two, 
and three foils demonstrated that a sharp increase in the absorbed dose remains 
in the center. This means that the particle flow consists at the beam axis of high-
energy electrons. In the experiments with three foil layers cutting off all 
electrons whose energy was less than 250 keV, the absorbed dose in the center 
was almost four times as large as the average dose across the beam cross 
section, showing a good agreement with the simulation results. 
 

Fig. 1 - Electrostatic cumulation in a relativistic vacuum diode 
 

Fig. 2 - Sample of simulated normalized absorbed dose at the anode position for 
a cathode with outer and inner diameters 60 and 2rh=20 mm, respectively. 

White circles mark outer and inner cathode diameters 
 Let us note here that both the simulation and the experiments were 
performed at maximum accelerating voltage 400 kV and the cathode-anode gap 
equal to hac=20 mm. The estimates show that it is possible to achieve the beam 
current density more than 100 A/mm2 with the accelerating voltage of several 
MV. This quantity is several times higher than those obtained in existing high-
current terahertz sources producing ~100 kW of radiation power /3/. 
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 In this paper we described the cumulation mechanism of a high-current 
beam in a relativistic vacuum diode with a ring-type cathode. The basis of this 
cumulation mechanism is electrostatic repulsion of electrons from the inner edge 
of the cathode. The simulated values of current density   and beam intensity 
equal to 36 MW/mm2 and 10 A/mm2, respectively, qualitatively agree with the 
experimental data. 

  

Fig. 3 - Electron beam without foils (left) and with three foils (right) 
 A very low particle energy spread in the region of maximum current 
density that is the distinctive feature of the described cumulation mechanism 
over a conventional one relying on focusing the high-current beam by its own 
magnetic field. As a result of electrostatic cumulation, a thin relativistic electron 
flow with a radial width of 1 mm and beam current density of 10–100 A/mm2 is 
formed. This quantity is several times higher than those obtained in existing 
high-current terahertz sources producing ~100 kW of radiated power. As a 
result, the use of electrostatic cumulation can sufficiently increase the radiation 
output. One of the main advantages of high-current terahertz sources with  
electrostatic cumulation is the absence of external magnetics fields resulting in 
large dimensions of the whole system. 
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Introduction Three types of ambipolar transport are sufficient for 
describing the structure of direct-current atmospheric glow discharge /1/. 
Ambipolar drift, which plays a special role in maintaining the discharge plasma 
at moderate pressures /2-4/, becomes, at atmospheric pressures, a key 
mechanism of transfer of charged particles from the near-electrode layers 
providing the existence of a discharge without ionization in the bulk /5/. The 
presence of near-electrode layers results in the fact that the field in the quasi-
neutral part of the discharge is always smaller than between the electrodes, 
outside the plasma pinch. Therefore, the external surface of the plasma pinch in 
the radial direction will be subject to the action of a force, determined by the 
energy gradient of the electric field, compressing the pinch. On the other hand, 
the action of thermal energy leads to the diffusion expansion of plasma. Thus, 
ambipolar diffusion and ambipolar transport caused by the action of the electric 
field energy resist each other, determining the plasma pinch radius. A detailed 
analysis of the results of an experimental investigation of atmospheric pressure 
discharges in various gases /6-9/ and a comparison with estimates based on three 
kinds of ambipolar transport of plasma have shown that the distinction of the 
plasma pinch radii is not more than 20% /5/. 

In this paper, in addition to the well-known ambipolar diffusion /10/, 
ambipolar drift and plasma transport based on the action of the electric field 
energy are considered. The importance of the mechanisms of ambipolar plasma 
transport at the formation of a discharge structure in gases of moderate and 
atmospheric pressures using experimental works as an example is demonstrated. 

 
Three kinds of ambipolar transport To obtain a plasma transport 

equation (PTE), we use continuity equations, traditional expressions for currents 
with the drift and diffusion components, without any more other assumptions, 
taking into account that in low-frequency  discharge 0=divj  /11/: 

( )an t n μ∂ ∂ − = −div f& ,     (1) 
with the force vector acting on the plasma elementary volume: 

( )T E ew w μ= − + +f grad j ,    (2) 
where n  are the plasma densities, n&  is the velocity of the bulk processes of 
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generation and loss of charged particles, ( )a i e e iμ μ μ μ μ= +  is the plasma 
ambipolar mobility coefficients, ,i eμ μ  are the mobility coefficients of ions and 
electrons respectively, T e e i iw T n T n= +  is the thermal energy of the plasma, 

( )E i ew n n ϕ= −  is the energy of the electric interaction of particles or the 
plasma electric field energy, ,i eT T  are the  parameters characterizing the average 
energy of the components, called the temperature of positive ions and electrons, 

in  and en  are the densities of charged particles, ϕ  is the electric field potential, 
and j  is the electric current density vector reduced to the electron charge. 

Well-known is the first term part in (2) based on the thermal energy Tw , 
which, at constant temperatures of the components and the strict equality 

e in n n≈ ≈ , can be presented in (1) as ambipolar diffusion: 

( )( )a e e i iT n T nμ +div grad ≈ ( )aD ndiv grad , 

where ( ) ( )a i e e i e iD D Dμ μ μ μ= + + , ,e iD D  are the diffusion coefficients 
of ions and electrons respectively. Transfer based on the electric field energy, 

Ew , is observed in plasma with a low-frequency field /12, 13/. The last (with 
electric current) term in (2) is the major supplier of charged particles to the bulk 
of the discharge of moderate pressures electrically neutral gases /2-4/ and, 
according to our assumption, of most atmospheric pressure discharges /5/. 

 
Structure of the gas discharge The basis for describing the structure of 

the discharge of atmospheric pressure is the assumption that the stationary 
existence of a pinch is possible only in the event of a breakdown due to the 
heating of molecular ions and, as a consequence, the absence of dissociative 
recombination in the volume. Shock-radiation recombination with triple 
collisions has several orders of magnitude a lower velocity /14/, and diffusion 
losses with further dissociative recombination at the outer cold boundary of the 
pinch come to the fore. Another assumption is that there is no ionization in the 
volume, since charged particles passing through the entire volume from the 
near-electrode regions are sufficient to compensate for the losses /5/. For 
example, at atmospheric pressure, the volume loss is a hundredth of a percent of 
the electron flux. If we talk about the main reason for the absence of ionization 
in the volume of the atmospheric discharge, then if it were present, because of 
the sharp dependence of the ionization coefficient on the electric field /15/, the 
discharge would be unstable by contracting to a spontaneously formed current 
tube with larges heating. In this case, three kinds of the ambipolar plasma 
transfer are quite enough for describing low-frequency and DC discharges at 
moderate and atmospheric pressures. The quasineutral part of the classical 
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discharge /16-18/ consists of a Faraday dark space (FDS), whose length is on the 
order of the tube radius, and the positive column (PC) occupying the entire bulk 
from the anode layer to the FDS. This concept, which is true for pressures of up 
to 1 Torr for molecular gases and 10 Torr for atomic gases, cannot be used for 
moderate pressures. In convective lasers with forced gas pumping through the 
discharge zone at pressures of 10-200 Torr there are fields with two-three times 
lower ionization in the zone that must be called the PC. An explanation was 
found using various transport mechanisms providing the input of charged 
particles from the near-electrode layers to the bulk /19/. In this case, if we use 
the traditional concepts, at atmospheric pressure the FDS occupies practically 
the entire bulk of the discharge, where, instead of ambipolar diffusion, charged 
particles enter the bulk according to other mechanisms of plasma transport, one 
of which is ambipolar drift /3/. Ambipolar drift determines the transport of 
charged particles from near-electrode regions along electric current lines at 
medium /2, 4/ and atmospheric pressures electrically neutral gases /1, 5/. The 
two other types of ambipolar transport, competing with each other determine the 
formation of the cross section of the discharge pinch /5/. 
 

Conclusions Thus, the three types of ambipolar plasma transfer presented 
by the PTE fully determine the particle balance and discharge structure at 
moderate and atmospheric pressures. In addition, two conclusions follow from 
the analysis of formation the discharge structure. The interaction of charged 
particles in plasma, with electric current passing in it, is not limited by their 
nearest neighbors lying in the Debye sphere. Each particle of the discharge bulk 
is bound to other ones by electric forces, regardless of the fact where these 
particles are located: in different areas of the quasi-neutral part or near the 
electrodes where an uncompensated space charge forms a strong electric field. It 
has been shown how the pinch radius is formed: due to a charge of the near-
electrode layers, by the electric field pressure force, in competition with the 
thermal expansion of plasma. Another determining factor of the atmospheric 
pressure discharge is the presence of large particle flows, owing to which losses 
in the bulk are compensated. According to papers /15, 20/ in which ionization-
thermal mechanisms of instability are discussed, moderate and, especially, 
atmospheric pressures turn out to be a real catastrophe for the ionization 
mechanism of discharge maintenance in the bulk. High-density plasma 
generated at negative glow due to ambipolar drift moves in the direction of the 
anode, rapidly recombining and heating. Recombination leads to the field 
increase and intensive heating, which determines the changeover to the diffusion 
regime of losses of plasma particles in the bulk. The stronger the heating, the 
more stable the discharge. In the zone with the diffusion regime of losses, to 
compensate for the losses of particles it is sufficient to have a small field 
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increase, which can be smoothed by heating. In this case the entire pinch zone 
can be identified as a positive column, and the zone at the outlet from the 
negative glow, with a low heating and fast field increase, as a Faraday dark 
space. 
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1. Introduction 

 

It has become clear at the creation of gas discharge powerful systems that 
particle and energy flows passing through plasma are comparable with the 
values needed for its maintenance or exceed them considerably. Therefore, 
regardless of whether we have a powerful gas laser, a plasmatron, or a plasma 
jet engine, plasma may be considered as a working body. The flows act on the 
plasma components in different ways, which leads to the emergence of an 
uncompensated charge and electric fields. An example of this action is passing 
the electric current with density j, known as the gas discharge. The traditional 
approximation when it is assumed that the density of the space charge ρ ≈ 0 
allows using the Boltzmann equation obtained for gas in the kinetic theory of 
plasma. For this, it is deemed sufficient to consider the energy of interaction of 
particles in plasma to be small by comparing the average thermal energy with 
the energy of interaction of a specific charged particle with other particles in the 
sphere of  Debye length (rd). It is shown in papers /1, 2/ that in conditions that 
are typical for gas discharge when  ρ / n ≪ 1 and (rd / L)2 ≪ 1 the interaction 
area encompasses the charged particles (n) of the entire bulk of size L, and the 
interaction energy of particles in relation to thermal energy is several orders of 
magnitude greater than the values determined by the factor (rd / L)2. However, in 
this case the use of the Boltzmann equation for microscopic description of 
plasma is not reasonable. On the other hand, at moderate and atmospheric 
pressures the energy distribution of plasma components can be considered 
invariable, which allows remaining within the hydrodynamic approach. In the 
present paper, conditions for changing from flows of individual components to 
transport of plasma as a continuum, with the parameters n, ρ, j, thermal energy 
density nТ, and electric field energy ρφ, called ambipolar transport /2/, are 
obtained. On the basis of the equations obtained, low-frequency polarization 
with the formation of charged layers at the boundaries that is typical for gas 
discharges is considered. 

2. Plasma as a fluid 

 
In gas discharges at moderate and high pressures the charge separation 

layers of the plasma components become very thin and the collisional relaxation 
times are sufficiently short, so that in the overwhelming majority of cases each 
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component can be represented as a continuous medium with an unchanged 
distribution function. Considering the electric forces, the forces of the gas 
kinetic pressure and the momentum exchange between the plasma components 
in collisions, for the selected component of the medium we have a change in 
momentum per particle with mass m: 

( )( ) ( ) 0( )m t e n mν∂ ∂ + ⋅∇ = + × −∇⋅ − −v v v E v B p v v  

Assuming that the plasma is nonrelativistic (v << c) and isothermal 
( p kT n∇ = ∇ ), the pattern of motion of the particles is stationary, and the 
velocity of the interesting us particles (v) of significantly larger slow particles of 
the medium (v0), and large enough to neglect the convective terms, for the 
velocity and density of the particle flux ( j ) of the chosen plasma component we 
will receive: 

e kT n

m m nν ν
∇

= −
E

v , n D nµ= − ∇j E ,     (1) 

where ,e m D kT mµ ν ν= =  is the mobility and diffusion coefficients, ν is 
frequency of collisions the particles of the selected component with the other 
particles. Using expressions for the fluxes (1) and the equation of continuity of 
particles: n t n n∂ ∂ +∇ =v &  ( n&  is the velocity of the bulk processes of generation 
and loss of charged particles), as in the derivation of the diffusion equation, we 
try to eliminate the electric field, but we will not neglect terms with the spatial 
charge density and the dependence of the electron mobility on the field. Then, 
using the Einstein relation D Tµ=  (T is expressed in units of electric potential) 

and the condition for the electric current 0=div j  we obtain the plasma 
transport equation (PTE): 

( )an t n µ∂ ∂ − = −div f& ,       (2) 
with the acting on the plasma elementary volume force vector: 

( )T E ew w µ= − + +f grad j ,      (3) 

where n  is the plasma particle densities, ( )a i e e iµ µ µ µ µ= +  is the plasma 

ambipolar mobility coefficients, ,i eµ µ  are the mobility coefficients of ions and 

electrons respectively, T e e i iw T n T n= +  is the thermal energy of the plasma, 

( )E i ew n n ϕ= −  is the energy of the electric interaction of particles or the 

plasma electric field energy, ,i eT T  are the  parameters characterizing the average 
energy of the components, called the temperature of positive ions and electrons, 

in  and e
n  are the densities of ions and electrons, ϕ  is the electric field 

potential, and j  is the reduced to the electron charge electric current density 
vector. 
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3. Applicability condition for PTE and estimation of its terms 

 
Application of a divergence operation to the circulation of the magnetic 

field of the Maxwell equation gives the condition for the total 

current: ( ) 0t+ ∂ ∂ =div j D . As follows from /1/, in the low-frequency limit of 
direct current the plasma polarization is significant, with ε >1. However, since 
the plasma polarization, as in the dielectric of the capacitor, occurs due to the 
appearance of charged layers at the boundaries, which in contrast to capacitor, 
are formed by an electric current flowing through the plasma. In this connection, 
the current of polarization enter into the current of conduction j and in order to 
estimate the validity of the PTE derivation it suffices to specify the conditions 

under which j E t>> ∂ ∂ . Following the assumption that discharge at 
atmospheric pressures is possible only in a well-heated gas /1/, when molecular 
ions, in both atomic and molecular gases, remain negligible and the diffusion 
mechanism of charged particle losses works, thereat using for this case the field 
distribution /4/, we obtain: 

( ) ( )2

2 2 2

2,4
0.04

( )

L L GHzE t

j R j R j A cm

ω ν

η η
∂ ∂

≈ ≈ ⋅
%

, 

where L is the interelectrode distance or the length of the cord in cm, ω is the 
cyclic frequency of the power source, R is the radius of the cord in cm, 

( )N eE p Tη =  is the energy coefficient, equal to a fraction of a unit in atomic 

gases, to a dozen in molecular gases /1/, ( )GHzν  is the frequency of the source 

in GHz, 2( )j A cm%  is the current density in A/cm
2. Thus, since we made earlier 

only a single significant assumption 0≈div j , then up to the microwave range 
including its lower boundary the plasma motion described by PTE (2), (3) can 
be regarded as the movement of a single whole. Upon exiting the condition 
j E t>> ∂ ∂ , the plasma is described by the motion of individual components. 

In a glow discharge of moderate or atmospheric pressure, the plasma 
transport prevails that is due to the action of the external source; it is described 
by the current term or by the last term on the right side of the PTE (3). 
Сomparing the current term of the PTE (III) with the diffusion term (I), on the 
assumption that i eµ µ << 1, we obtain the ratio of these terms as: 

( )
( )

ln
1

ln
e N

N

e

III d E p
p L

I d E T

µ   ≈ − −     
,       (4) 

where pN is the neutral density expressed in terms of pressure. The term in 
parentheses can be presented as 1 eU T− , where U EL=  is the potential 
difference for the plasma nonuniformity length. The absence of an electric 
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current corresponds to the condition eU T= ; then the plasma transport is 
governed exclusively by ambipolar diffusion. The values of the quantities 
[ ]ln lned d Eµ−  are the results of processing experimental data and for various 

gases they are in the range 0.2–0.7 /1/. Therefore, for 10Np L > Torr·cm the 
current term determined by the electrical energy of the external source prevails. 
If on the contrary eU T<< , then relation (4) becomes equal to ln lned d Eµ− . 

Thus, for low pressures ( )N e Np L T E p<<  the current term also remains 
comparable to the diffusion term. 

In the transverse direction to the field at moderate and high pressures the 
plasma transport due to the energy of electrical interaction of particles is 
dominant. Defining of the plasma thermal energy by its electronic component 
and using the well-known expression for the characteristic screening length of 

an external field 
2 8D e er T enπ= , we obtain the ratio of the energy of electrical 

interaction of particles (II) to the thermal energy as 

( )
( )

2 222

8
D

e e e e e D e

II rE E U

I n T en T T r L T

ρϕ
π

    ≈ = = ≈    
    

. We see that a factor ( )2

eU T  has 

appeared in addition to the well-known ideality parameter ( )2

Dr L for a current-
carrying plasma. 

4. Conclusions 

 
Thus, the theory of plasma which was developed on the basis of modeling 

luminous advertising tubes and the propagation of radio waves in the upper 
atmosphere and then strengthened by studies of hot plasma with incipient 
instabilities, various kinds of wave processes, turned out to be completely 
unsuitable for a plasma that is a working medium with gigantic fluxes of 
particles passing through it, heat and radiation. Nevertheless, the hydrodynamic 
representations still remain, but here again the Debye radius ceases to play the 
role of a criterion in describing the plasma as a continuous medium. 
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Introduction 

 
There is a large amount of material accumulated to date on the Te distribution 

in the arc plasma torches, including the Te value as a function of r at the border (in 
reality, of course, close to the border), stabilizing the discharge of a cylindrical 
tube, which plays the role of a thermostat for the atomic-ion gas /1-3/. 

In other words, the work discusses jump temperature value Te(R)-T(R) at the 
border of the primary heat sink zone (at r=R where R - radius of the bounding an 
arc of a cylindrical tube whose walls are maintained at a fixed low enough 
temperature T(R)). 

The relevance of this formulation is due to the fact that at present methods of 
direct measurement of the temperature of atoms and ions are still not developed 
enough, while the measurement of the electron temperature or temperature close to 
it is widely used by spectral analysis methods. 

In this paper, this problem is solved in the framework of the known M. 
Steenbeck channel model /4/ as the most suitable for the analysis of a wide class of 
problems of maintenance of the gas discharge plasma in the electric and magnetic 
fields /5, 6/. 

 
System of equations and method of solution 

 
We use the two-temperature channel model arc built in /7/. Referring to the 

formulas obtained in this work dependencies electron and gas temperatures in the 
non-conductive zone arc from the current coordinate r 

 

)(
)()(

2
ln

2
)()(

1

00

cai

aie
e rsR

rR
RW

r
RWRTrT

Ψ⋅⋅λ
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⋅⎟
⎠
⎞

⎜
⎝
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Where 

 
( ) ( ) ( ) ( ) ( )rsKrsIrsKrsIr кк 00000 −=Ψ ; 

 
( ) ( ) ( ) ( ) ( ) ( )

r
r

s
rsKrsIrsKrsIr кк ∂

Ψ∂
=+=Ψ 0

10011
1 . 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
λ

+
λ

νδ=
aie

enks 11
2
32 . 

 
In these formulas, rc - the radius of the conductive channel, W specific (per 

unit column length) into the discharge power, λe = λe (T) and λai = λai (T) 
coefficients of thermal conductivity of the electronic and atomic-ion gas of heavy 
particles. 

In the latter ratio k - is Boltzmann constant; δ - the proportion of the energy 
lost in the collision of electrons with heavy particles; ν - the frequency of these 
collisions; ne - the concentration of electrons in the discharge. ε in the formulas (1), 
(2) depends on discharge parameters and selected in each case based on some 
assumed physical model of interaction of the electron gas with the walls of the 
cylindrical tube. Case ε = 0; in this case corresponds to the adiabatic conditions for 
the adoption of the electron gas. Referring to the formula (2), putting in it, we 
obtain the following fundamental relation, the theory of two-temperature locking 
arc: 
 

( )
)(

)(
2

)()(
1

0

RRs
RWRTRTRT

ai
e Ψ

Ψ
λπ

=−=Δ .   (3) 

 
Equation (3) can be simplified. We take into account that, in practice, almost 

always . In this case, simple calculations using the asymptotic representation 
/8/ functions  and  for large values of the argument, you can get a 
simple relation 

1>>Rs
( )xI 1,0 ( )xK 1,0

 

Rs
WRTRT

ai
e λπ

≈−
2

)()(  
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i.e. to a first approximation by the decomposition of the formula (3) in a series in 
the small parameter jump in the electron temperature near the boundary limiting the 
arc of a cylindrical tube with the same input to the discharge capacity of the W, it is 
inversely proportional to the radius of the tube: 

 
( ) ( )
( ) ( ) 1

2

22

11

R
R

RTRT
RTRT

e

e =
−
−

 at  21,2
RRW
εε>

πλ

 
( ) ( )
( ) ( ) 1

22

11 ≈
−
−

RTRT
RTRT

e

e  at  21,2
RRW
εε<

πλ

 
Although, of course, the fact that with the growth of R the gap between the 

electron and gas temperatures on the wall should decrease, that is, the condition 
must be met 

lim  at )()( RTRTe → ∞→R  
 

is in advance sufficiently obvious physically.
 

Results and conclusions 
 

Tables 1-2 are represented by the gap value calculated for the different 
discharge formula amperage values (3). Calculations were made for an argon 
plasma at atmospheric pressure for two current intensity values I =78 A and 
I=200 A and various values of the wall temperature. It shows the corresponding 
experimental results in these tables, published in a series of papers /1-3/. As you 
can see, there is good qualitative agreement of the results of calculations with 
experimental data, which increases with decreasing temperature of the wall. 
 
Table 1 – Values  for I=78 А ( )RTΔ
 

 ( )RTΔ  
for =1440 K )(RT

( )RTΔ  
for =4000 K )(RT

Calculation 7200 K 4700 K 
Experimental 
data /3/ 

7860 K 5300 K 
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Table 2 – Values  for I=200 А ( )RTΔ
 

 ( )RTΔ  
for =4000 K )(RT

Calculation 4800 K 
Experimental data /3/ 6000 K 

 
In conclusion, we note that the results obtained in this study can be used as a 

simple model for the assessment fairly complex physical processes, and in some 
engineering calculations, including those relating to the use of low-temperature 
plasma arcs in the functional coating processes. 
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Pulsed laser deposition (PLD) processes are widely used to solve a number 

of practical problems, for example, the application of multi-component and 
multi-layer nanostructured coatings with promising physical and chemical 
properties. A special role in this direction of research is played by carbon-
containing coatings, a wide range of applications of which is due to the 
possibility of obtaining different types of hybridization of carbon, as well as its 
specific electrical, thermo physical and mechanical properties /1, 2/. 

The description of the processes occurring in the carbon erosion laser jets 
(ELJ) is devoted to a number of theoretical and experimental works, however, 
due to the complexity of the object of their study, the articles, as a rule, are 
somewhat one-sided, highlighting one or more of the many factors of this 
phenomenon. This work aims to study the processes of development and decay 
of carbon erosion torches, based on a vast array of experimental data and taking 
into account the mathematical model of the dynamics of torches, which is 
proposed by S. I. Anisimov and B. S. Lukyanchuk /3, 4/. An important role is 
given to the analysis of own empirical data of the study of spatio-temporal 
distributions of optical and electrical characteristics of the discussed processes. 

The Anisimov-Lukyanchuk model allows us to calculate the dynamics of 
the vapor-liquid phase transition in an adiabatically expanding vapor-plasma 
carbon torch, which leads to the formation of a cloud of carbon clusters (with 
characteristic dimensions of several nanometers). The simulation results are in 
good agreement with the experimental data /5/, in particular, /6/ it is shown that 
the deposition of such clusters on different substrates is possible to form carbon 
and diamond-like films with promising physical properties. 

However, as practice shows, the dynamics of the vapor-plasma cloud in 
this case is even more complex due to the electro dynamic effects in the 
expanding plasma. The complex nature of the vapor-plasma formation 
illumination was observed in the study /7/, according to these data, instead of the 
glow of a spherical vapor-plasma cloud, at different heights above the target, 
there is a "separation" and an independent advance of the luminous region. 

In the conditions of low pressure this effect was explained by the advance 
of the shock wave front /8/, but such an effect was recorded in a vacuum, which 
makes us look for other physical mechanisms for its explanation. 
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The experiments have allowed to find two areas of light emission in the 
ELJ formed under the action of a laser pulse on a graphite target in a vacuum at 
a power density of 5.6·108 W/cm2. One zone is stationary and located at the 
target surface in the area of the laser radiation exposure spot. The other zone of 
the luminescence moves towards the laser beam at a speed of 10 km/s. This zone 
is explained by the formation of a moving double electric layer in the laser jet, in 
the space of which radiation occurs due to the recombination of charged 
particles. As a result of different time of illumination of individual zones of the 
ELJ, a ”fixed” glow zone is formed at a distance of about 4 cm from the target 
surface Fig. 1. 

 

 
 
Fig. 1 - Spatial irradiation of the ELJ of a graphite target: 1-glow near the 
target surface; 2-glow at a distance of ~ 4 cm from the target surface 
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Introduction  
 

Investigation of the interaction between particles and plasma properties is 
of great interest in many areas of physics such as atomic and plasma physics. 
Also, it is important for the development of the plasma technologies. One of the 
elementary processes in plasma is the electron capture process due to electron 
and atom collision. The process of the electron capture by an atom was 
investigated in many studies /1-5, 9/. In this paper electron capture by the 
hydrogen atom was considered. The neutral hydrogen atom can be transformed 
into the negative hydrogen ion due to polarization electron capture. The negative 
hydrogen ion plays an important role in partially ionized plasmas; also it is used 
for high energy accelerators and for the neutral beam injection systems of fusion 
devices. In work /5/ the electron capture cross section was theoretically 
evaluated in the framework of the perturbation theory, where unperturbed linear 
trajectory of the projectile was considered. 

In this work we used the interaction potential between the electron and the 
atom in partially ionized hydrogen plasmas, which was presented in works /6-8/. 
This effective potential, taking into account the quantum-mechanical effects of 
diffraction of particles and plasma screening effects, has finite values at the 
distance close to zero. It has the following form: 

( ) ( ) ( )( ) ( )( )22 41 1 2 1 4Br Ar
ea ea dr e e Br e Ar r rα λ− −Φ = − + − + − 2 2 ,             (1) 

) ( )where ( ) ( )2 2 2 2 (1 1 4 / 2ea D eaA r 2 2 2 21 1 4 / 2ea D eaB rλ λ= + − , λ λ= − −

)

. Here, 

 is the de Broglie wavelength, ( 1/2/ 2ea ea Bk Tλ πμ= h 2/ (4 )D Br k T neπ= is the 
Debye length, Bk  denotes the Boltzmann constant, ( )/ea e a e a em m m m mμ = + ≈ is 
the reduced mass of the atom and electron pair, α  is the polarizability of the 
atom. For hydrogen atom it equals 34.5 Ba , ( )2 /Ba m= h 2

ee  is the Bohr radius. 
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Theory and methods 
 
The Bohr-Lindhard method has been applied to obtain the electron capture 
radius; capture time and electron capture probability. In the Bohr-Lindhard 
method /2/, it has been known that the electron capture happens when the 
distance between the atom and moving electron is smaller than the electron 
capture radius capR . This electron capture radius is determined by equating the 
kinetic energy of moving electron and the interaction energy between the 
electron and the atom. 

( ) ( )( ) ( )( )2
2 41 1 2 1 4cap capBR AR

cap cap cap d pe e BR e AR R r mα λ− −+ − + − =2 2 2 2υ  ,   (2) 

where pu  is the velocity of moving electron, 2 2pmυ  is the kinetic energy of 
moving electron.  The interaction energy provided by the polarization 
interaction should be greater than the kinetic energy of the moving electron in 
the frame of the hydrogen atom.  

The time of the capture was determined as the time, when electron moves 
within capture radius. It was found from the ratio of the traversed path of the 
electron to the velocity of the electron.

2 2 22 for

0 for
cap p cap

cap

cap

R b b
t

b R

υ⎧ − ≤⎪= ⎨
≥⎪⎩

R

.                                    (4) 
It should be noted that the electron is captured, if the impact parameter is less 
than the capture radius capb R< . The impact parameter b  is the vertical distance 
between the centers of the moving electron and the atom. 

The electron capture probability is defined by the ratio of the collision time 
to the electron orbital time: 

( ) 1
cap

cap

t

cap
t

P b t -

-

= т dt

( )

n Z

,                                                      (5) 

Using the electron capture probability, the electron capture cross section 
was calculated on the basis of the following expression: 

2cap capdbbP bs p= т .                                                (6) 

where  is the electron orbital time,  is the -th Bohr 
radius of the hydrogenic atom, 

/na vt = 2 /n Ba n a= n
Z  is charge number of the atom, is 

the electron velocity of the -th Bohr orbit.  
/nv Z ca= n

n
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In this work the pair collision of impacting electron with atom was 
considered. The influence of other plasma particles is taken into account by the 
effective potential (1). The equations of motion of the electron in the field of the 
motionless hydrogen atom were numerically solved. 

 
Results 

 
Fig. 1 and Fig. 2 show the differential cross section of electron capture 

obtained on the basis of the perturbation theory (4-6). These figures represent 
the dependence of the electron capture cross section on the impact parameter for 
various values of the coupling parameter and density parameter. As one can see, 
the differential cross section significantly increases with grow of the 
temperature, and decreases in more dense plasma.  

 

  
Fig. 1 –  The differential cross section 

for different values of the coupling 
parameter 

Fig. 2 – The differential cross section 
for different values of the density 

parameter 
 
The trajectories of an electron near a hydrogen atom, calculated on the 

basis of the numerical solution of the equations of motion of electron with initial 
velocity and impact parameters b, are shown in Fig. 3. In this figure, the 
hydrogen atom is indicated by a circle.  

Comparison of the differential cross section obtained by the perturbation 
theory and by solving the equation of motion was presented in Fig. 4.  
 
Conclusion 
 

In this paper process of electron capture by the hydrogen atom was 
investigated. The interaction between the electron and the atom takes into 
account the screening effect at large distances and the effect of diffraction at 
small distances.  
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Fig. 3 – The trajectories of the 

electron near the atom calculated by 
the equation of motion, 0.2G= , , 

,  
3sr =

* 1xv = * 0yv =

Fig. 4 – Comparison of the differential 
cross section 

 
The differential cross section was obtained on the basis of perturbation 

theory and the equation of motion. Results were compared. The differential 
cross section equals to zero at large values of the impact parameter and grows 
with an increase in the coupling parameter. These results provide useful 
information on electron capture process in partially ionized plasma. 
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The model for studying of the emission characteristics of a mixture of Hg 

and Ar depending on the composition, total pressure, and the parameters of the 
power system when excited by a glow discharge was developed /1/. A simplified 
four-level scheme of the energy transitions of the mercury atom was used, 
taking into account the ground level 61S0, the triplet levels 63P0,1,2. The model 
made it possible to determine the maximum obtainable power of radiation at a 
wavelength of 254 nm. 

There have been numerous theoretical studies of the Ar–Hg low pressure, 
positive column discharge applicable to the conventional fluorescent lamp. Since 
inelastic collisions by electrons are the primary source for excitation and 
ionization, and elastic collisions with heavy particles determine the electron 
mobility and the gas heating, the electron energy distribution function (EEDF) 
plays a central role in any model of the fluorescent lamp /2, 3/. 

By simultaneously solving the balances together with the kinetic equation 
the densities of electrons and excited Hg atoms, the electron energy distribution, 
the resulting mean energy, mobility and various energy transfer rates of the 
electrons and the ultraviolet radiation output were determined.  

This report presents and analyses the macroscopic plasma properties 
mentioned for a wide range of the wall temperature or the corresponding Hg 
partial pressure variation, where a good agreement of calculated results with 
experimental data is obtained. 

In the calculations, the following parameters were set. The voltage 
amplitude is U0 ~ 310 V. The mains frequency is f = 50 Hz. Ballast inductance 
L1 = 600 mH; ballast resistance R1 = 10 Ohm, capacity between electrodes 
C1 = 10-8 F. Inter-electrode distance d = 40 cm. The radius of the discharge tube 
is R = 1.1 cm. The concentration of argon atoms is 9.9 1016 1/cm3 (partial 
pressure 3 Torr). When studying the emission characteristics, depending on the 
composition of the mixture, the concentration of mercury atoms varied within 
the limits of 1,5 ·1014 1/cm3 - 3·1014 1/cm3. 

Fig. 1 shows the dependence of the radiation power (1) at a wavelength of 
254 nm and the power of the heat released in the discharge (2) on the 
concentration of mercury atoms. 
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Fig. 1 - Dependence of radiation power (1) at a wavelength  254 nm and the 

power of heat released in discharge (2), on the concentration of mercury atoms 
 

To construct a closed model of radiation sources for mercury vapor, it is 
necessary to take into account the dependence of the concentration of mercury 
atoms on the temperature of the inner surface of the radiator, which is 
determined by the heat output of the radiator emitted by the radiator and the heat 
exchange conditions on the external surface of the radiator. 

We assume that the emitter has the following parameters: internal diameter 
D = 2.2 cm; wall thickness d = 0.2 cm; length of the radiator L = 40 cm. The 
radiator is made of quartz with a coefficient of thermal conductivity λ = 0.0138 
W/(cm K). Suppose that we are implementing a mode of operation such as in the 
established case of the temperature of the inner surface of the radiator is equal to 
Tin= 43.300 C. From the graph of the dependence of the concentration of 
mercury atoms (partial pressure) on temperature (Fig. 2), we determine that the 
concentration of mercury atoms is 2.411·1014 1/cm3. 

According to the graph in Fig. 1, we determine that at such a concentration 
in the discharge, the heat release power is P = 13.744 W. This power must pass 
through the walls of the radiator, therefore  

( )
d

TwTLDP −
⋅⋅⋅⋅=

inπλ  

From here, we determine the temperature of the outer wall of the emitter 
Tw. 

LD
dP-TT
⋅⋅⋅

⋅
=

πλ
in w =42.57950 C 
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Fig.2 - Dependence of concentration of mercury atoms on temperature  

 
We assume that the heat exchange on the external surface of the radiator is 

due to the blowing of the air flow with a temperature Tg = 200 C at a speed W. 
The kinematic viscosity of air at this temperature is ν = 15.06 10-2 cm2/s, the 
thermal conductivity of the air is equal to λa = 0.0259 10-2 W/(cm K). The 
Prandtl number for air at this temperature is equal to Pr = 0.703. We calculate 
the Reynolds number as a function of the flow velocity W. 

ν
)2()( dDWWRe +⋅

=  

According to the data of /4/, the experimental data on the heat transfer in 
the case of a non-turbulent flow passing through a single circular tube around a 
single circular tube are generalized by the following formula: 

( ) ( )( )38,05,0)(55,043,0)( PrWReWNu ⋅+=  
Where Nu (W) is the Nusselt number. Then the heat transfer coefficient as 

a function of the flow velocity W in the stabilized flow region will be equal to: 

( )2dD
WNuW

+
⋅=

a)()( λα  

Then the heat flux will be equal to a function of the flow velocity W 
( ) ( )win2)()Pr( TTLdDWW −⋅⋅+⋅⋅= πα  

We select a flow rate W such that Pr (W) = P = 13.744 W. This equality 
will be satisfied at W = 83.56 cm/s. Then Re = 1.443 10 3; Nu = 18.702; 
α = 1.863 10-3 W / (cm2 K): Pt (83.56) = 13.744 W. 

Let us consider the case of convective heat transfer on the external wall of 
the radiator. 

The dimensionless Grashof number for air is 

Plasma Physics and Plasma Technology 9____________________________________________________________________________

28



( )
2

32)aw()w(
ν

β dDTTgTGr +⋅−⋅⋅
=  

To calculate the heat transfer coefficient under natural convection 
conditions, the following dependence is usually used /4/: 

( )
25,0

w
aa)( ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅⋅⋅=

)Pr(T
)Pr(TPr(Ta))Gr(TBTaNu n

 

Where the quantities B, n depend on the product (Gr (Tв) Pr (Tв)) and are 
given in /2/. 

Then the heat transfer coefficient as a function of the air temperature Ta 
will be equal to: 

( )2dD
TaNuTa

+
⋅=

a)()( λα  

Then the heat flux will be equal as a function of the air temperature Ta will 
be equal. 

( ) ( )TaLdDP −⋅⋅+⋅⋅= Tw2)Ta()Ta(т πα  
The above relations enable us to construct a self-consistent model for 

calculating the emission power of fluorescent lamps. 
Based on the developed model, the emission characteristics of a discharge 

plasma in an Ar-Hg mixture in the ultraviolet region of the spectrum at a 
wavelength of 254 nm are calculated depending on the parameters of the 
excitation system, radiator parameters and heat transfer conditions on the 
radiator surface. It is shown, that the efficiency of conversion, the power 
received from the network into radiation at a wavelength of 254 nm is ~ 25%. At 
the same time, the total average radiation power at a wavelength of 254 nm 
under simulation conditions was ~ 13 W, with a power input of ~ 34 W, and a 
power consumption of ~ 50 W. It is established, that conversion efficiency and 
radiation power increase with increasing concentration of mercury vapor, so it is 
advisable to use natural convection for cooling. 
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Modeling of electro-discharge XeCl excilamps is discussed. The computer 
model includes the following modules. 

The first is the module of the solving of Boltzmann equation for the 
electron energy distribution function (EEDF) /1, 2/. This module based on 
composition of a mixture, on value of a degree of ionization and set E/N (E - 
intensity of an electric field in the discharge gap; N - full concentration of 
particles) allows to find EEDF and to define rates of plasma-chemical reactions 
with participation of electrons, and also to define electron mobility. 

For the solving Boltzmann equation ready program Bolsig + /2/ is used, 
which automatically calculates rate factors of reactions.  

Velocity coefficients of reactions involving electrons were determined in 
the form of tables in which their dependence on the composition of the active 
medium, electron concentration, reduced electric field strength E/N is presented. 
The excited states were taken into account as separate components of the active 
medium, since we take into account the superelastic processes. Calculations are 
presented for a discrete multidimensional array of points. Extrapolation to 
intermediate values is carried out with the help of cubic splines. In order to be 
able to investigate the dependence of the emission characteristics on the buffer 
gas pressure (Ne), the dependence of the three-particle recombination coefficient 
of xenon (Xe+) and chlorine (Cl-) ions on the pressure is calculated. 

The second is the module of the solving of system of the equations of 
plasma-chemical reactions /3/. Models of XeCl-excilamp (halogen HCl) are 
investigated and analyzed. On the base of these models the program module for 
solving of system of the equations of plasma-chemical reactions in electro-
discharge XeCl-excilamp was developed. The power density of radiation of the 
excilamps (the power, obtained from unit of volume) is determined by next 
expression. 

                                [ ] sphXeClP τν /⋅= ∗
                                                   (1) 

[XeCl*] is concentration of excimer molecules; τsp - time constant of 
spontaneous emission. 

The third is the module of the solving of the equations of an electric circuit. 
This module describes work of system of excitation of the volume discharge in 
active medium. On the total resistance of plasma this module allows to define 
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time dependence of E/P, formed by excitation system in active medium. For 
excitation of the discharge the system of excitation on the basis of a LC-contour 
on the lumped capacities has been used (Fig. 1.)  

The following designations were used: C1 – the storage capacity; L1 – 
inductance of recharging of the storage capacity  on peak capacity C0; Rk(t) –
switchboard resistance; Rpl - discharge resistance; L0 - inductance of recharging 
of C0 on discharge; Cd – dielectric capacity, Ce- interelectrode capacitance. The 
presence of an interelectrode capacitance provides a smaller number of steps in 
numerical calculations. The length of electrodes h=30 cm. The coaxial radiator 
was used, the value of d was 0,2 cm. Distance between electrodes D2-D1=2 cm 
(D1=28 cm). Charging voltage Uch=U1=30 kV has been used. Thus, at carrying 
out of calculations the equivalent electric circuit is used in Fig. 1b.  

 
Fig. 1- The system of excitation 

During modeling, the harpoon channel for the formation of XeCl molecules 
was not taken into account. 

Simulation was performed at C1 = 2.5 nF; C0 = 2.2 nF; L1 = 5 nH; L0 = 5 
nH; Rk = 0.1 Ohm. It was considered that the partial pressure of Xe was 40 
Torr, and the partial pressure of HCl was 1 Torr. The charging voltage of the 
storage tank was 30 kV. Fig. 2 shows the dependence of the energy of 
spontaneous emission on the total pressure of the mixture. 

 
Fig. 2 – The dependence of energy of a pulse of radiation from pressure 

1. Fundamentals and modeling of plasma processes, plasma dynamics,  properties of plasmas____________________________________________________________________________

31



Fig. 2 shows the dependence of the efficiency on the total pressure of the 
mixture. 

 

 
Fig. 3 – The dependence of efficiency of a pulse of radiation from pressure 
 
The energy of the radiation pulse and the efficiency reach a maximum at 

the mixture pressure of 6 atm, which is due to the fact that the three-particle 
recombination coefficient reaches a maximum at this pressure. 

 
Table 1 shows the pulse energy and efficiency obtained for different values 

of C1 and C0. 
С1, nF С0, nF Energy, J Efficiency 
2 2 0, 041 0,036 
2 0,2 0,036 0,04 
1 0,2 0,027 0,06 
0,9 0,2 0,025 0,062 
0,8 0,2 0,024 0,065 
0,8 0,4 0,022 0,062 
0,7 0,2 0,0217 0,069 
0,6 0,3 0,019 0,07 
0,4 0,4 0,011 0,061 
0,4 0,1 0,011 0,064 
0,2 0,05 0,0036 0,04 
 
From the presented dependences it follows that with a storage capacity of 

~ 0.7 nF, the greatest efficiency is ~ 0.07. 
During modeling, a harpoon channel for the formation of XeCl molecules 

was taken into account. 
The simulation was performed at L1 = 5 nH; L0 = 5 nH; Rk = 0.1 Ohm. It 

was considered that the partial pressure of Xe was 40 Torr, and the partial 
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pressure of HC1 was 1 Torr, Total pressure was 1 atmospheres. The charging 
voltage of the storage tank was 30 kV. 

 
Table 2 shows the pulse energy and efficiency obtained for different values 

of C1 and C0. 
С1, nF С0, nF Energy, J Efficiency 
2 2 0, 07 0,078 
2 0,2 0.089 0,099 
1 0,2 0.069 0,15 
0,9 0,2 0,066 0,163 
0,8 0,2 0,062 0,174 
0,8 0,4 0,059 0,163 
0,7 0,2 0,058 0,185 
0,6 0,3 0,052 0,192 
0,4 0,4 0,031 0,172 
0,4 0,1 0,033 0,182 
0,2 0,05 0,012 0,13 
 
From the presented dependences it follows that with a storage capacity of 

~ 0.6 nF, the greatest efficiency is ~ 0.19. Taking into account the harpoon 
reaction leads to a significant increase in both pulse energy and efficiency. 

Based on the results of the computer simulation of the XeCl excilamp using 
HCl: Xe: Ne mixtures at a total pressure of 1 atm when excited by an LC circuit, 
it was shown that the energy of XeCl emission of excilamps is ~ 0.1 J with an 
efficiency of ~ 37%. The results of experimental studies have shown that the 
efficiency of the barrier-discharge excilamps is 10% (with the use of HCl) /1/. 

The difference between calculation and experiment is the fact that the 
barrier does not fill the uniformly volumetric volume, but consists of individual 
threads, which occupy about a half of the total volume. In addition, we believe 
that the outer electrode is a mesh with a transparency of ~ 60%. and radiation is 
reflected from the internal electrode with a reflection coefficient of ~ 80%. 
When these corrections are taken into account, a correspondence between the 
calculation and the experiment is achieved. 
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Abstract 
Direct current (DC) argon arc with continuous aerosol supply is suitable 

excitation source for spectrochemical analysis of liquid samples. When 20 % 
alcohol – water solution was nebulized into the argon plasma, the recorded 
spectra were dominated by intensive emission of diatomic molecules C2 and CN. 
Well-resolved spectral bands of Swan (C2), and violet system (CN) were used to 
estimate molecule vibrational and rotational temperature by comparison of 
experimental and simulated spectra. The obtained rotational and vibrational 
temperatures were practically the same, and varied from 4500 – 7000 K, 
depending on the observed radial position. 

 
Introduction 
Atmospheric pressure argon plasmas are possibly the most important 

excitation sources for analytical emission spectroscopy. A specific type of such 
plasma source is a U – shaped argon – stabilized dc arc with continuous – flow 
sample introduction system. This arc was found to be especially suitable for 
trace metal analysis. In fact, limits of detection of the U – shaped DC argon are 
comparable to those achieved by inductively coupled plasma (ICP) sources. 
Well defined geometry of the arc column and stable arc operation are also 
suitable for investigation of excitation, ionization and transport processes in the 
argon plasma [1]. 

The spectral emission of molecules bands has many applications in the 
spectroscopy, e.g. for detection of stable molecules, chemical analysis of 
nonmetal elements, and isotopic analysis. Also, the analysis of molecular 
spectral emission is a useful diagnostic method for determination of the 
translational temperature. The C2 and CN molecules can exist at relatively high 
plasma temperatures and their spectral bands are of special interest due to its 
intensive emission in the plasmas containing organic material. In this work, the 
applicability of C2 (Swan system), and CN (violet system) emission spectra for 
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estimation of the temperature of heavy particles (i.e. gas or translation 
temperature) in an argon arc plasma was investigated. 

 
Experimental 
A detailed description of the U – shaped dc argon arc with combined gas 

vortex and wall stabilization, operating at atmospheric pressure was given in our 
previous paper [2]. The arc source (Fig. 1) consists of electrically insulated 
segments made of brass. Apart from the central segment, all other segments are 
water cooled. The water cooled segments have narrow openings for electrodes. 
The electric arc burns at atmospheric pressure in a horizontal cylinder whose 
axis is perpendicular to the electrodes. The arc column is stabilized with 
combined gas and wall stabilization. Aqueous aerosol obtained with glass 
concentric nebulizer and homogenized by passing through a spray chamber of 
Scott type, is tangentially introduced into the cavity of the central segment of the 
arc device to create a gas vortex that spatially stabilizes arc column plasma. 
Aerosol flow rate and arc current were 2.7 L/min and 7 A, respectively. An ethyl 
– alcohol water solution (20 % Vol.) was nebulized into argon arc plasma in 
order to obtain C2 and CN molecular emission.  

 

 
Figure 1. a) A schematic representation of the arc device; b) Radial 

distribution of C2 0 – 0 band head intensities 
 

The horizontal part of the arc column was projected by an achromatic lens 
onto the entrance slit of a Zeiss PGS – 2 monochromator. In this way the 
electrodes and the regions near the electrodes are eliminated from the viewing 
direction. The reciprocal linear dispersion was 0.73 nm/mm and slit width was 
25 µm. Typical dispersion was 7 nm/mm, and FWHM of the instrumental 
profile was 0.025 nm. The instrumental width was determined by measurements 
of the appropriate Hg lines emitted from a low pressure pen lamp.  

Plasma emission spectra were detected by a back thinned Apogee Alta 
F1007 CCD camera with enhanced spectral sensitivity up to 200 nm, with low 
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dark current signal provided by Peltier coolers. The CCD chip active area 
consists of 1024 x 122 pixels (pixel dimension 12 x 12 µm). For the present 
spectrograph settings, a detector captures wavelength range of about 8.5 nm.  

 
Results and discussion 
Part of the spectrum of (0 – 0) and (1 – 1) bands of C2 is shown in Fig. 2. 

The synthetic spectra of Swan system were calculated using the PGOPHER 
program [3]. Line profile was Gaussian, with FWHM = 0.025 nm. The 
intensities were normalized to the intensity values of (0 – 0) band head. As it is 
shown in Fig. 2, P and R branch are well separated at this resolution, and their 
intensity ratio is very sensitive to variations in the temperature. The best 
agreement between the experimental and synthetic spectrum was obtained for a 
rotational and vibrational temperature of 6400 K. The intensity ratio of (1 – 1) 
and (0 – 0) band head is not very sensitive to the temperature changes, thus it is 
unsuitable for determination of the vibrational temperature. Good matching of 
(0 – 0) band head profile indicates that the self – absorption could be neglected. 
Intensities of C2 and CN bands decrease rapidly with shifting of the observed 
radial position toward the arc column periphery, Fig. 1b. By analyzing the 
emission spectra of the (0 – 0) C2 band, the temperature was estimated. For 
radial positions between 0 and 2.5 mm from the arc axis, estimated temperature 
was in the 7000 – 4700 K range. 

 

 
Figure 2. Experimental (obtained at 1 mm radial position) and synthetic 

(Tvib = Trot = 6400 K) spectra of Δν = 0 sequence of C2.  
 

The applicability of Δν=+0 sequence of CN violet system for determination 
of the vibrational temperature is demonstrated in Fig. 3. The synthetic spectrum 
of the violet system was calculated by LIFBASE software [4]. The best 
matching was observed for Trot = Tvib = 6400 K. The change of relative intensities 
of the band heads allowed relatively precise determination of the vibrational 
temperature, with acceptable low impact of the uncertainty of Trot. Despite a 
favorable circumstance that four band heads are situated in a narrow spectral 
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interval (approximately within 3 nm), rotational structure of the sequence is not 
appropriate for the accurate determination of temperature. As in the case of C2 
spectra, very good matching of the synthetic and experimental band head 
profiles As in the case of the C2 spectra, good matching of the synthetic and 
experimental band head profiles verified that neglecting of the self-absorption 
was justified. 

 

 
Figure 3. Experimental (obtained at 1 mm radial position) and synthetic 

(Tvib = Trot = 6500 K) spectra of Δν=0 sequence of CN 

 
Conclusion 
 
The applicability of C2 and CN spectral bands for determination of the 

rotational and vibrational temperature in the argon arc plasma (containing 
organic compounds in the nebulized solution) was demonstrated. Comparison of 
the measured and simulated band spectra showed good matching. Also, both C2 
and CN spectra gave very close temperatures values. Intensive emission of these 
bands from the arc core can distort the temperature measurements at cooler arc 
periphery. 
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High enthalpy and plasma density, absence of electrodes resulting in a high 
purity of the plasma, flexibility of parameters are well known properties of 
atmospheric pressure ICPs. Because of this the ICPs have found strong practical 
applications for processing of different substances, including spheroidization of 
powder particles and production of nanoparticles. 

In early stage of ICP simulations, evolution of powders in ICP was 
simulated within a two-dimensional cylindrically symmetrical (2D) ICP models. 
In our days three-dimensional non-stationary (4D) models of ICP are developed 
by few groups and applied for technological ICPs (mostly for simulation of 
nanoparticle growth), as well as for spectrochemical ICP. However, time of 
computation of the 4D models is large. For example, the 4D model developed in 
our group takes 2-3 days for calculation of 10 seconds of the ICP evolution (a 
simplified model without introduction of the sample in the plasma). This 
restricts application of the 4D models for practical optimization of the ICP 
parameters in a wide range. From the other side, our 2D model reaches (for a 
similar simplified task) the result in about 10 minutes. Therefore the 2D models 
should not be forgotten yet. 

Here we present a 2D model of the technological atmospheric pressure ICP. 
The model is based on our previous 2D ICP model, which has demonstrated a 
good agreement with experimental data for a spectrochemical ICP [1-3]. For this 
work the model is extended: axial component of the electrical current flowing in 
the load coil is taken into account. This allows simulation of 
electromagnetically-driven rotation of the plasma around the axis. To check the 
model in the conditions of technological ICPs, the gas flows in an experimental 
TICP were visualized. For this an alumina powder was introduced into the 
plasma; the flows of the glowing alumina particles were detected by a fast video 
camera. A good agreement between the obtained visualization and the results of 
the simulations is achieved. 
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Evolution of the particles of the powder (trajectories, heating and 
evaporation) is included in the model together with thermal and gas-dynamic 
load of the plasma by the particles. To calculate the particle trajectories, the 2nd 
law of Newton is applied to the individual particles. Drag force and gravity are 
taken into account [4,5]: 

�⃗ = � ��⃗��� = ��⃗ − 18 ��������⃗� − �⃗����⃗� − �⃗���� , 
where �⃗ is a total force applied to the particle, m is mass of the particle, �⃗� is its 
velocity, �⃗ is a gravitational acceleration, �� is a diameter of the particle, �⃗� is 
velocity of the surrounding gas, �� is the gas density, �� is a drag constant of a 
spherical particle. The following empirical expression is used to estimate �� as 
function of Reynolds number �� [4,5]: 

�� = ⎩⎨
⎧ 24 ��⁄ , �� ≤ 0.224 ��⁄ (1 + 3 16⁄ ��), 0.2 < �� ≤ 224 ��⁄ (1 + 0.11���.��), 2 < �� ≤ 2124 ��⁄ (1 + 0.189���.��), 21 < ��

 

The drag force is taken into account at calculation of the particle 
trajectories and, from the other side, is applied to accelerate the gas, with an 
opposite sign. In this way a gas-dynamic load of the plasma gas from the 
particles is taken into account. 

For calculation of the particle heating, melting and evaporation, flow of 
heat to the particle Q is calculated in the model [4,5]: � = ����ℎ���� − ��� − ����������� − ����,                                  (1) 

where ℎ� is a heat transfer coefficient, �� is temperature of the particle, �� is 
temperature of the surrounding gas, �� is the Stephan-Boltzmann constant, � is 
emissivity of the material of the particle, �� is an ambient temperature related to 
a radiation energy transfer. Based on quantity of the received energy, heating or 
phase change (melting or evaporation) of the particle takes place: 
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� =
⎩⎪⎨
⎪⎧ ��������� 6⁄ � ����� , � < �� and �� < � < ����������� 6⁄ � ���� , � = ���− �������� 2⁄ � ����� , � = ��

, 
where �� is the particle’s density, �� is a specific heat capacity of the material of 
the particle, �� is a melting temperature, �� is a boiling temperature of the 
material, �� is a latent heat of melting, �� is a latent heat of evaporation of the 
particle material, L is a mass fraction of the melted material in the particle. In 
addition to the particle heating, the heat transferred from the gas to the particle 
(the 1st term in the equation 1) is included in the gas heat equation. In this way 
cooling of the gas by the particles is taken into account. 

In Fig. 1 trajectories of particles in the ICP is presented together with 
distribution of the gas temperature with different load of the plasma by the 
particles. Reduction of the temperature at the high plasma load is clearly seen. 

a)  b)  c)  d)  

Fig. 1. Trajectories of the particles (a), distribution of temperature in the 
plasma at the particle load 0 kg/hour (b), 1 kg/hour (c), 10 kg/hour (c). 
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High enthalpy and plasma density, absence of electrodes resulting in a high 
purity of the plasma, flexibility of parameters are well known properties of 
atmospheric pressure ICPs. Because of this the ICPs have found strong practical 
applications for processing of different substances, namely for spheroidization 
of powder particles, production of nanoparticles (TICPs) and as a source for 
atomic analysis (SICP). The TICPs are larger than the SICPs, consume more 
argon and power. 

It was computationally found [1-4] that the gas flow has a strong toroidal 
vortex in a cross-section of the ICP containing its axis (toroidal vortex). This 
vortex is attributed to a compression of the plasma towards the axis by a radial 
component of Lorentz forces. Direction of rotation of the toroidal vortex 
prevents undisturbed penetration of the processing substance from the central 
channel to the hot area of the plasma. Therefore the toroidal vortex should be 
avoided. 

A similar vortex was also found experimentally and computationally in 
SICP, but explained by gas-dynamical effects [5]. Therefore nature of the 
toroidal vortex needs clarification. 

There is also a rotation of the plasma around the axis that is denoted axial 
vortex here. Obvious reason of this vortex is introduction of a tangential 
component of the gas flow in the ICP that is used to stabilize it. Additionally 
there is a tangential component of the Lorentz force exerted to the plasma that 
can influence on the axial vortex. Therefore the nature of the axial vortex also 
needs clarification, namely if the vortex produced more by the Lorentz forces or 
by the swirl component of the input gas stream? 

An LTE-based two-dimensional (cylindrically symmetric) stationary model 
of ICP was developed and applied for the simulation of fundamental properties 
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of TICPs and SICPs. The model was based originally on existing models of J. 
Mostaghimi, M. Boulos, P. Proulx et al and Lindner et al, and have a good 
agreement with experimental data measured for SICP [6-8]. Now the model is 
extended based on a work of Xue et al [9], where axial component of the 
electrical current in the load coil is taken into account. This allows simulation of 
tangential Lorentz force in the plasma and the corresponding 
electromagnetically-driven rotation of the plasma around the axis. 

The model has already shown a good agreement with experimental results 
in SICP conditions [7,8]. To check the model in the TICP conditions, the gas 
flows in an experimental TICP were visualized. For this an alumina powder was 
introduced into the plasma; the flows of the glowing alumina particles were 
detected by a fast video camera. A good agreement between the obtained 
visualization and the results of the simulations is also achieved. 

It was found that the Lorentz forces in the induction zone of the TICP are 
significantly higher than the gas-dynamic pressure. It is the Lorentz force that 
generates both the toroidal vortex and the axial vortex in the TICP conditions. 
An opposite situation is found in the SICP. Here the gas inertia dominates over 
the Loretnz force, which is negligible.  

To understand difference between the TICP and the SICP, a similarity laws 
in an atmospheric pressure ICPs [10] can be used. To scale the ICP source from 
SICP size to TICP size with conservation of the gas temperature and the gas 
flow pattern, the following conservation lows should be satisfied: the Reynolds 
number Re = ��� �⁄ = �����, the induction number � = ������ = �����, the 

Joule number � = �|��|� �⁄����� �⁄ = �����, the Froude number Fr = �� ��⁄ =��� �⁄�������⃗�×��⃗ ��� = �����, which is ratio of the gas inertia force and the Lorentz 

force. The first three numbers can be conserved by adjusting the total gas 
consumption, RF frequency and the plasma power, respectively. To conserve the 
Froude number, the authors of the similarity low suggest adjusting the gas 
pressure. However we are focused on the atmospheric pressure ICPs. Under this 
condition it is impossible to scale the ICPs without change of the ratio of the 
forces and, therefore, without change of the flow pattern. Therefore the flow 
patterns of the TICP and the SICP differ significantly. 
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Based on the above developed analysis, ways for practical reduction of the 
toroidal vortex in the TICP are discussed: reduction of the plasma power, 
increase of the gas flows, increase of RF frequency, reduction of size of the 
plasma torch. 
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Abstract 
 

The interaction between the switching arc and the gas flow is an important 
factor for increasing of interrupting ability in the HV gas-blast interrupters. The 
purpose of this investigation is to study the influence of the downstream region 
on the interrupting ability through the electric field strength rising. In the paper, 
the interaction between the switching arc and stream in the region between the 
nozzle exit and downstream contact is discussed. Numerical calculation of the 
arc parameters in the vicinity of the current zero in the downstream contact 
region are presented in comparison with experimental data. 

 
Introduction 

 
The HV gas-blast interrupters interrupting ability depend on the interaction 

between switching arc and gas flow in three main zones – the upstream, the 
nozzle throat, and the downstream ones. Main part of the investigations is 
devoted to the interaction between the switching arc and gas flow in two first 
sections. The upstream region interest is due to its dominant influence during the 
dielectric recovery. The nozzle throat region has the dominate influence during 
the thermal phase of the breakdown.  

The influence on the interrupting ability of the process in the region 
between the nozzle outlet and the downstream arc contact is less investigated. In 
/1/ was shown that the electric field decrease with the decrease of the current in 
the region after the shock wave. In /2/ was shown that the arc diameter in the 
downstream region is remains considerably larger that at the nozzle throat in the 
vicinity of the current zero. Data that were presented in /1, 2/ has been shown 
that the flow in the downstream region depends on the Mach number at the 
nozzle exit and the ratio between the pressure at the nozzle exit and the rated 
pressure. Combination of these parameters can produce the shock wave in the 
downstream region. The shock wave placement, intensity and movement has the 
strong influence on the arc and gas parameters. Therefore, an investigation of 
downstream region is important in order to increase the HV interrupters 
parameters such as the rated voltage and the rated short circuit breaking current 
per break. 
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The purpose of this investigation is to study the influence of the 
downstream region to the HV interrupting ability. In the present work, results of 
a numerical analysis of the downstream region influence on the interruption 
ability are discussed. The comparison between the experimental /1/ and 
calculation data of the electric field strength in the downstream region for 
extinguish arc-chamber are presented. 

 
Gas flow analysis in the downstream region  

 
One of the arc-chamber main parts in the HV gas-blast interrupting is the 

supersonic nozzle. The schematic diagram of this nozzle is present in the Fig.1. 
By the arrow lines in the Fig. 1 shows the direction of the flow. The downstream 
region includes the diffuser part of the nozzle and the unconfined stream region. 
In the Fig. 1, the unconfined stream region shows as the dotted line. 

The flow configuration in the nozzle depends on the pressure ratio 
between the inlet pressure (pin) and the exit pressure (pexit). Configuration of the 
out of nozzle flow near the downstream contact depends on the ratio between 
the pressure at the nozzle exit and the rated pressure. In the HV gas-blast 
interrupting the pressure ratio is more than 1, but it cannot provide the isentropic 
flow in the nozzle anyway. It means that in the diffuser part of the nozzle or in 
the flow out of nozzle, the shock wave can appear. The shock wave position 
depends on the pressure ratio and nozzle geometry.  

For numerical calculations of the shock wave and switching arc 
interaction were used the time-averaged system of equations including the 
Navie-Stocks, continuity and energy equations /3/. Ohm's law and models for 
turbulent viscosity and radiation transfer added differential equations system.  

The turbulence model takes into account the turbulence in the shear layer 
between arc and gas flow produced by two type of instability, such as shear 
instability and Rayleigh–Taylor instability for steady state /3/. For unsteady 
state, according to the /3/, was used “freeze”-theory for the kinematical turbulent 
viscosity. It means that at all moments of time when the current is rapidly falling 
down, kinematical turbulent viscosity is defined as constant and its numerical 
value is equal to its stationary value. This assumption provides the turbulent 
viscosity growth in the vicinity of the current zero.  

For the radiation transfer we used “radiation conductivity” approximation, 
which was presented at the paper /3/. The radiation transfer plays an important 
role during the maximum current value, but it does not matter in the vicinity on 
the current zero. 

It is known /4/ that axis temperature falling down not evenly after current 
zero. Therefore, the length where gas has not resistance is the function of time 
coming from the current zero. So, the arc voltage critical value during the 
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thermal mode was proportional to the “non-conducting length”. The 
proportional coefficient includes the gas pressure in the “non-conducting length” 
and time.  

 
Results and discussion 

 
The numerical investigation channel geometry is presented in the Fig. 1. 

The same geometry data are Lu=6mm; Ld=55mm. The geometry data for nozzle 
1 are α=2o; L=15mm, for nozzle 2 are α=150; L=6mm. The inlet pressure is 
equal to 4atm, the outlet one is equal to 1atm. Left-hand electrode is in the inlet 
of the nozzle, right-hand is out of it. The current is changing with time according 
to the Wail’s test with stationary value Imax=1.5kA and dI/dt=-5A/µs. Under the 
given conditions, there are no shock wave in the nozzle 1 and it existing in the 
nozzle 2. The numerical investigation data correspond to experimental data 
given in /1/, where the influence of the shock wave on the electric field strength 
in the gas-blast interrupter was investigated. In the Fig.1 the vertical lines mark 
the experimental sections. 

The calculation results are shown in Fig. 2 – 4. Fig. 2 shows the limit 
breakdown voltage calculated curves. In the Fig. 2 the abscissa is the time after 
current zero. It is seen that the non-conductivity part appearance after 4.77μs 
after current zero for nozzle 1 and after 11.6μs for nozzle 2. The RRRV value is 
equal to 1.2kV/ μs for nozzle 1 and 2kV/ μs for nozzle 2.  

Fig. 3 shows the electric field strength distribution as function of time 
before the current zero at sections 1 and 5 for the nozzle 1 (see Fig.1). It is seen 
that inside the nozzle (section 1) the numerical and experiment data are in a 
good agreement. Out of the nozzle exit (section 5), the numerical electric field 
strength value is higher than experiment data about 1.5÷2 times in the vicinity of 
the current zero (t>-15μs). The reason for this difference is that in the numerical 
simulation the downstream contact is out the numerical area. Because of this 
there is no the stagnation region before the downstream contact in numerical 
simulation. The temperature in this region is smaller than in experiment and the 
conductivity is smaller too. Therefore, electric field strength is higher.  

Fig. shows the electric field strength distribution as function of time before 
the current zero at sections 1 (before the shock wave) and 5(after the shock 
wave) for the nozzle 2 (see Fig.1). It is seen that inside the nozzle (section 1) the 
numerical and experiment data are not in a good agreement. The possible reason 
for this difference is that in the numerical simulation the shock wave is weaker 
than in the experiment. It placement is out of nozzle and it very weak effect at 
the gas parameter inside the nozzle. The velocity in the diffuser is higher than in 
experiment, the temperature is smaller and the electric field strength is higher.  
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Abstract 

 
The silicon wafer surface was processed by atmospheric pressure plasma. 

Atmospheric plasma treatment resulted in a significant improvement of the 
surface adhesion. The adhesion was measured as a coefficient of friction. The 
dependence of the friction coefficient of the silicon on the treatment modes was 
studied by the atomic force microscope. The use of the atmospheric discharge 
plasma made it possible to change the surface properties rapidly and at low cost 
without destroying it. 

 
Introduction 

 
The processes of cleaning the substrate surfaces and their different nature 

parts, as well as their surface modification before the subsequent technological 
treatments play an important role in the science and technology. The plasma 
treatment with dielectric barrier discharge at atmospheric pressure is promising 
for these purposes. Its most important feature is the combination of the 
advantages of traditional ion-plasma treatment with a low cost of such 
processes, as the  expensive vacuum equipment is not used in this case. 

The changes in surface adhesion of silicon was estimated by the 
calculations of the forces acting on the cantilever of an atomic force microscope. 

 
Materials, methods and experimental set-up 

 
The experimental complex, which consists of a discharge system, a power 

supply and a work gas supply system, was used to carry out plasma treatment 
(Fig 1a). 

The plasma stream is formed by dielectric barrier discharge that generated 
in a coaxial device (Fig. 1b). This discharge system allows the formation of a 
plasma torch up to 30 mm long, with a processing area of 10 mm in diameter. 
Argon is used as a plasma-forming gas. 
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     a b 
 

Fig. 1 – Schematic representation of the experimental complex (a) and a photo 
of the plasma torch (b) 

 
The adhesion value of the surface of monocrystalline silicon was estimated 

by the determination of the friction coefficient using an atomic force microscope 
NT-206 /1/.The friction coefficient was calculated using the average value of the 
silicon probe torsion during its forward and reverse motion, reference probe data 
and Poisson coefficient. An example of the cantilever stroke for forward and 
reverse motion on the atom force microscopy is shown in the Fig. 2. 

 

 
 

Fig. 2 – Forward and reverse stroke of the cantilever after sample treatment for 
4 min 
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Results and discussion 
 

Surface activation is the appearing of the defects such as the dangling 
bonds and another that increase a chemically active surface layer. To describe 
quantitatively the effect of atmospheric discharge plasma on the properties of 
the silicon surface, the dependence of the friction coefficient on the processing 
time (at a fixed distance from the plasma source) and on the distance from the 
plasma source to the processed surface (at a fixed processing time) was studied. 

Treatment was carried out at discharge power P ≈ 25 W, plasma gas flow 
rate S≈300 l/h. 

To study the dependence of enhancement capital effect of adhesion on the 
duration of treatment, the treatment time varied from 1 to 5 min with the step of 
1 min. The distance between the end of the discharge system and the sample was 
10 mm. 

 

 
 

Fig. 3 – Friction coefficient depending on the processing time 
 
As can be seen from Fig. 3 the friction coefficient increases from 0.5 to 2.0 

in 3 min in plasma treatment, and then the saturation is observed. Therefore, it is 
advisable to process the surface of the silicon wafer for no more than 3–4 min. 

The dependence of the friction coefficient on the distance between the end 
face of the discharge system and the sample was studied during processing for 4 
min. The distance varied from 5 to 35 mm. 

As can be seen from Fig. 4 on the graph there is an extremum. The friction 
coefficient increases stepwise from 1.2 to 2.25at the removed sample from 5 mm 
to 10 mm. Then it slowly increases from 2.25 to 2.65at the removed sample 
from 10 mm to 25 mm. The last one corresponds to the visible length of the 

1. Fundamentals and modeling of plasma processes, plasma dynamics,  properties of plasmas____________________________________________________________________________

51



plasma flow. After which the friction coefficient begins to decrease sharply to 
1,7at the removed sample to 30 mm. 

 

 
 

Fig. 4 – Friction coefficient depending on the distance between the sample and 
plasma source 

 
This indicates different processing conditions along the cross section of the 

plasma flow. This dependence is probably due to the increase in the number of 
active particles in the formed flow when the gas-discharge plasma moves from 
the end of the discharge system. 

From point view of maximum adhesion the effective mode of plasma 
treatment was achieved at the distance range 20–25 mm and processing time 
more than 3 min. 
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A model of RIE of silicon. The research analysis of reactive ion-plasma 
etching (RIE) of Si in SF6 allows adopting following basic provisions: the 
process of RIE is multistage and reversible at each of these stages; the etching is 
implemented though the interrelated action of chemically active particles 
(ChAP) (in SF6  with atoms of F (ChAP1) and radicals of SFy (ChAP2) where y 
=1÷5) and ions /1,2/; the process has first-order kinetics in the concentration of 
atoms of F (nF) /3/; ChAP and volatile products are adsorbed at active surface 
centers (ASC) of Si and on discharge chamber (DC) walls; all ASC on Si have 
the same characteristics, and their quantity is limited (similar allegations are 
applicable for ASC on DC walls); only one particle of the etching product or SFy 
can be adsorbed on each ASC; the adsorbed particles can are considered as ASC 
for ChAP; the adsorbed atoms of halogen on ASC of Si do not prevent other 
particles from adsorbing on them; the mechanism of etching of the adsorbed on 
Si products of etching is the same as the one of silicon atoms.  

In the proposed model, four flows of etching product are considered. The 
flow I1 is generated as a result of interaction of ChAP with free ASC of Si and 
only it defines the velocity of the target process. The flows I2 and I3 represent 
particles formed from etching correspondingly earlier adsorbed particles on Si 
and DC walls from the flow of etching products IP, coming from the plasma 
volume. If the etching occurs in plasma of a complex chemical composition, the 
velocity of the target process must be expressed in the form of composition of as 
many elements as many types of ChAP plasma has. For SF6

aRaFa VVV += а ,                             (1) ∑
=

=
5

1i
aiaR VV

where i is the number of a radical type defined by a quantity of atoms F split off 
from the SF6 to the moment of its adsorption on the surface. The first component 
Va in (1) results from the action of F and is written in the following form: 

FFmmmaaF unkbV )1(
4
1 1

1 Θ−= − ω ,                   (2) 

where b1  is an average number of atoms F, used for etching one atom of Si first 
leaving the surface; kma is the probability of chemical interaction of F with free 
ASC; ωm is the probability of F getting on ASC of Si; Θm is the sum of the 
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degreesfilling of ASC of Si by the adsorbed etching products (Θmp) and ChAP2 
(ΘmR); uF is the thermal velocity of F. In line with (2), the component of etching 
velocity due to the action of particles SFyi-type is expressed as:  

imiRiRimRmmai kidkunbV )()1)(1(
4
1 1

1 −Θ−Θ−= − ω ,                          (3) 

where ki is the fraction of halogen atoms given by the radicals of i-type during 
staying on the surface at the process of etching. Characteristics of nRi, uRi and kmi 
for SFy  the same meaning as nF, uF and kma for F. For dissociative chemisorbtion 
occurring, SFy  have to interact with two placed around ASC /4/. A variable of 
(1-ΘmR) helps consider that SFy   cannot be adsorbed on already taken ASC. It is 
anticipated that the area of the material surface taken by the same ASC or by 
one adsorbed particle equals 1/σm, where σm is the average areal density of atoms 
of the material. Then, ωm=σcm/σm,where σcm is the areal density of ASC. In this 
case, comparing the velocity of adsorption and desorption of etching products 
and SFy   on the treated surface and solving an obtained system of equations in 
reference to Θmp and  ΘmR /5/, we get:  
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where tmp and tmi are the average times of finding adsorbing particles of etching 
products and of SFy i-type on ASC; kmp is the coefficient of adhesion of etching 
product particles to the material surface when getting on the ASC free from 
these particles. The equations (4a and 4b) are Langmuir isotherm derivations. 
Taking obtained remarks and formulas (2) into account, (4a, 4b) the equation (1) 
is converted into the quadratic one in reference to Va, solving which we get: 
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Here G is flow of gas through the DC with a pressure of Р0 = 105 Pа. The value 
of Vа0 is a velocity of target process in the absence of etching product adsorption 
on the treated surface, and tmp is the average time of etching the layer of 
adsorbed etching products with the areal density σpm = σcm· Θmp . This layer is 
formed as a result of adsorption of only non-saturated particles from the flow Ip. 
Based on the provisions of the etching model and the fact that the removal of 
one adsorbed particle of reaction products from the area needs about (b2 – bp) 
halogen atoms, Sa is written as:  
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According to (5), when Sm<<Sа, the influence of etching product adsorption on 
the treated surface on the value of Vа can be neglected and Vа = Vа0. When 
Sm>>Sа, (5) is reconstituted to Vа = 2 Vа0(Sа/Sm)1/2. It means that when Sm>>Sа, 
the velocity of etching with the growth of Sm has to decrease at a higher rate 
comparing to nF. Calculated with the help of formula (6), the value of Sa with G 
= 3×10-3 m3×Pа× с-1, P = 2,66×10-2 Pа, Urf = 1 kV,Т = 400 K, Т0 = 300 K, σm= 
σcm = 1,35×1019 m-2, kmp= 0,05, bp = 1,5, b1 = 3,0 , b2 = 3,3 amounted to 155 
mm 2. These conditions correspond to the mode of carrying out the etching 
which results are presented in Figure 1a. The analysis of (5) considering (6) 
shows that near the value of Sm that equals Sa the chart must have a curve which 
can be observed in Fig. 1a.  
 

 
Fig. 1 – Influence of silicon area on etching velocity and density of particle 

flows. Here:  jF -1, Vа -2, jр -3, jF /Vа – 4. Experiment (a), сalculation (b) 
 

Calculation of the load dependence. A numerical calculation of 
dependence of Va from Sm has been held for the right assessment of the etching 
model and for receiving analytic expressions. In first step the value of Sm = 0. 
Then the system of differential equations was solved from /5/ for a stationary 
situation with corresponding attribute values. The values of na and nRi received 
from solving this system of equations were put in (5) and the velocity of etching 
was calculated with Sm→  0. The obtained value of etching velocity was 
substituted in the system of  differential equations which was already solving 
with a higher value Sm by ΔSm. Then a cycle repeats Sm/ΔSm times. The value of 
kma , kmi were set to 0,5 and 0,3 /2/ correspondingly. The results of calculation 
are presented in Fig. 1b and are  in good agreement with illustrated charts in 
Fig. 1a. Fig. 2a represents calculation dependences which show how the 
composition of plasma and the rate of silicon surface occupation with adsorbed 
etching products change with the growth of SSi. The components of Va defined 
by the action of F and radicals SFy (Fig. 2b, curves 1 and 2) behave the same 
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way as  nF and nр values. As can be seen the ratio of  VaR/VaF gets to the highest 
point with a certain area of etching and then slowly decreases.  

 
Fig. 2 – Influence of silicon area on composition of plasma, rate of its surface 
occupation with adsorbed products (a), etching velocity, its components and 

their ration (b). Here: nF - 1, nR - 2, ng -3 , np -4, Θmp-5 (а), VaF - 1, VaR - 2, Vа - 3, 
VaR / VaF - 4 (b).  Calculation parameters are the same as for Figure 1b 

 
Such a behavior of dependences of  VаF and VаF from Si is caused by the 

character of the atomic concentration change of F and SiFх particles in the 
discharge with the growth of Ssi. The calculations show that at bigger areas of Si 
the etching in SF6 must be implemented mostly with SFy particles. A proposed 
model of the material etching in chemically active plasma and analytical 
dependences obtained within this framework allow carrying out numerical 
calculation not only of velocity but anisotropy and selectivity of RIE with 
different technological characteristics of its process as well. 
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SIMPLIFIED NON-LOCAL MODEL OF HOLLOW CATHODE GLOW

V.V. Gorin

MIPT, Kiev Branch, Kiev, Ukraine, vvgorin@gmail.com

 Non-local kinetic problems for ionizing electrons appear in modeling of
low pressure glow discharge at high electric fields when E/N exceeds about
3000 Td.  In such fields the equilibrium between accelerating electric force and
force of friction for electrons is violated. These electrons are named as “running
away”.  An experimental curves for ( )NENa  -dependence – reduced 1st

Townsend factor on reduced electric field – cut here, because this dependence
does not continue being local: ionization here does not depend on electric field
in the point of ionization determination, but on electron energy, which is gained
from the field along whole path of its motion to the point.

Slow electrons of plasma in glow amount overwhelming majority of all
electrons and they allow hydrodynamic description in terms of drift and
diffusion of charged fluids. Other most significant charged fluid is ions of
plasma. So minimal hydrodynamical system of equations for plasma is:
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 But small amount of ionizing electrons needs kinetic (Boltzmann)
description in term of electron distribution function (EDF). It needs to define the
non-local ionization term s in the right-hand side of electron and ion balance
equations in (1).  Generally kinetic equation is formulated in 6D phase space of
coordinate and velocity components of electron. Stationary kinetic equation for
stabilized state of discharge includes terms with linear differential operator of
free electron motion in electric field, also collisional elastic and inelastic terms
and a source of ionization (including an external cathode electron source sc):
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Here ( ) 0=rcy  is an equation of the cathode surface.
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( )., exiontrel NvNv sswsw +== The Dirac 3D delta function here means, that we
neglect initial energy of secondary electron in comparison with ionization
energy. Formally (see /1/) a solution of (2) can be written as

( ) ( ) ( )( ) ( ).,;, 333 vrrvrvr ¢¢+¢¢¢¢¢= òò dcssgvdrdf                                   (3)
Combination of solution (3) with additional independent formula

( ) ( ) ( ) .,,3
ionionion Nvfvvds sww == ò vrr                                (4)

enables to exclude the EDF and derive an integral equation for ionization source
in plasma volume /1/:
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To use (5) for calculation the hydrodynamical system (1) is not easy problem,
because first we should find the kernel in (5) which is defined through (3) and
(2). In /2/ it was shown, how the solution of (2) can be presented through a
source term if a solution of the auxiliary equation
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is obtained. The Green function g is a solution of the integral equation
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Due to nilpotency of the kernel, the solution is a sum of finite number of integral
summands. Function g1 is a generalized function, the support of which is located
in the hyper-surface of total mechanical energy in the phase space:

( ) ( ) ( )( ) ( ) ( ).
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e
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It constitutes a distribution function for fast electrons with total energy ε, eV,
which scattered elastically, but before their first inelastic scattering, and emitted
with some point source. In /3/ the sufficient conditions for existence of g1 were
formulated. A uniqueness was proved in /2/. Function g constitutes a distribution
function for fast electrons from some point source including scattered
inelastically also.
 In work /4/ it was found significant simplification of these multi-
dimensional formulae in the case of diffuse approach: if g1 is guessed as
uniformly distributed along energy hyper-surface:

( )( ) ( )( ) ( ) .,0;,,;,, 11111 WÏ=¢W¶Î×=¢WÎ=¢ rrvnvrrvr CCCCC qee             (9)
In this approach all functions are dependent on total energy, but not dependent
on all 6 phase coordinates separately.
 Here the diffuse approach is developed further. Two additional
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assumptions are made: 1) about non-elastic scattering, and 2) about plasma
volume. Thus, not very complicated expressions are found.
 1) Non-elastic scattering is slow-angled:
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 2) Plasma occupies main part of discharge volume, and its electric
potential is close to the anode potential.
 Under these assumptions one obtains formulae:
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It is main integral equation, which defines non-local ionization source. The
kernel is defined with formula:
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Terms in this sum are defined with recursion relations:
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The effective cross-section includes electron losses in the walls:
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The designations in formulae are (unit system [SI]):
N is gas density; U is voltage; u, φ are electric potential ( φanode= 0); σion , σex are
ionization and excitation cross-sections; ε is mechanical electron energy, eV; Ω,
W¶  are domain of discharge and its boundary; n is an external normal unit

vector in the  boundary; Vp is plasma volume; Sa is area of metal electrode.
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 From the solution of (11) one can obtain the multiplication factor: an
amount of electrons, which appear in discharge volume due to impact ionization
(including primary cathode electron), per one cathode electron:
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                                        (16)

The condition of discharge self-consistency takes a form:
.11

g
+=m                                                     (17)

Multiplication factor m is not a function of the discharge voltage U only, but a
functional of electric field configuration over whole discharge volume. So,
formulae (11) – (17) define a source of ionization s through electric field
configuration known. In contrary, system (1) of hydrodynamic equations defines
the electric field and density distributions of charged particles in discharge
volume. In the aggregate the current-voltage dependence (at given secondary
emission factor γ in the cathode) is defined.
 To have significant value of multiplication factor the value of electron
losses q in (15) must be rather small, – because last term in (14) must not be big
in comparison with previous two ones. This property characterizes a hollow
cathode geometry configuration, in which cathode walls embrace almost whole
volume and prevent electron losses, reflecting electrons due to high negative
electric potential. Other way to decrease the loss cross-section is to increase gas
density N (or gas pressure P) and diminish electron free path length. It is usual
for glow in standard geometry.

The ideas presented here give a hope to calculate real model of hollow
cathode in the nearest future.
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Discharges in the mixtures of inert gases and chlorine under middle 

pressure (1 – 50 Torr) are used as sources of narrow band UV radiation with the 

output power of several watts to kilowatts /1, 2/. Finding of partial pressure 

values of mixture components providing maximal values of specific power of 

UV radiation and its efficiency is very important in design of these sources. 

The only relevant experimental investigation of RF discharge in the 

indicated mixtures /3/ has been carried out for the case where such discharge 

was proposed as the working medium of luminescent lamps, and its light 

efficacy has been investigated at nearly constant input RF power (several watts). 

Maximal value of luminous efficacy was obtained in /3/ in the mixture of Xe 

and Cl2 with partial pressure ratio of 100:1, but the lower values of chlorine 

partial pressure were not investigated. Therefore it was not possible to conclude 

that the maximal possible UV power has been reached indeed. 

The goal of the present work is to estimate the optimal conditions of initial 

gas filling for the capacitive RF discharge in a mixture of inert gas and chlorine 

from the viewpoint of maximization of radiative UV power and efficiency. The 

present work was carried out by a numerical simulation using the models used in 

of our previous works /4, 5/. The model /4/ describes a low current 1D rf 

capacitive discharge, and in /5/ it is shown that for RF capacitive discharges 

with radius/length ratio > 1 it is possible to use 1D modeling for estimation 

parameters of said discharges instead of much more complicated 2D modeling 

without notable accuracy losses. The partial chlorine pressure, total gas mixture 

pressure and RF voltage amplitude were selected as independent input variables 

for our calculations.  

The system of model equation is similar to the given in /4/ (as an example 

we consider the discharge in a mixture of Xe and Cl2):  

;vvv/
Cl2Cl2_Cl2Xe_Xe


eaeeieeieee

NnNnNntn   

;vv/
Cl2_Cl2Xe_Xe inpeieeiepp

nnNnNntn    

ipneaenn
nnNntn   v/

Cl2 ; 

1. Fundamentals and modeling of plasma processes, plasma dynamics,  properties of plasmas____________________________________________________________________________

61



)(
ex xjjjjjj

EEnznD    

Here jjD , , jz  are the diffusion coefficients, mobilities and charge signs 

of the j th species; subscripts npe ,,  correspond to electrons and positive and 

negative ions; ai  ,  — cross sections for ionization and attachment; xE  – 

space charge field, )(4 enpx nnneE  ; )cos(0ex tEE   – external RF 

field, LUE /00  ; 56.132/   MHz; 0U  – RF voltage amplitude chosen to be 

200 – 1000 V according to /3,4,5/; L  – discharge length. The boundary 

conditions at 𝑥 = 𝐿 и 𝑥 = 0 are: 𝑛𝑝 = 𝑛𝑒 = 𝑛𝑛, 
𝑑𝑛𝑛

𝑑𝑟
|𝑥=𝐿 = 0, 

𝑑𝑛𝑛

𝑑𝑟
|𝑥=0 = 0. 

Excimer molecule concentration *XeCl
N  was calculated as: 

** XeClCl2)(XeCl
 NkNN MhM . Here 

8

XeCl
101.1*

  s /6/; MN  — summarized 

concentrations of metastable and resonant (due to big escape factor) levels of 6s-

state of Xe — calculated as 
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 ; M0  – total 6s-state 

excitation cross section; first term of denominator corresponds to the ionization 

from metastables, and the second one – to the harpoon reaction with Cl2 

molecules. It turned out that the contribution of nonmetastable Xe-states in the 

building of *XeCl
N  is low (< 10%) and drops with the increase of 0U . The 

specific power of UV radiation (pro cm
-3

) was calculated as 

** XeClXeCl
/  hvNWUV (𝑐/𝜈 ≈308 nm).  

Initial conditions of external discharge parameters were chosen from 

previous experimental work /3/. But the results of our calculation showed that 

the optimal partial chlorine pressures are generally lower than using in /3/. The 

main results of simulation dependences of WUV  and efficiency from external 

parameters are presented on Fig. 1, 2 (for a fixed total mixture pressure P0 = 

1 Torr) and 3. Obtained results for P0 = 1 Torr are partially comparable with the 

experimental data /3/, but our calculations indicate that the optimal values of 

partial chlorine pressures may range from 0.001 to 0.01 Torr, that is on the 

whole lower values as in /3/. However, the optimal total pressure, for a given 

partial pressure ratio, may be significantly more than 1 Torr. The results are 

presented in Fig. 3. The amplitude of the applied RF voltage was chosen to be 

constant and was U0 = 1000 V, the length of the discharge gap was 4 cm. It is 

shown that the optimal total pressure is about 40 Torr when the partial pressure 

ratio is 1000:1, and the maximum of WUV under mentioned conditions of RF 

excitation can reach 0.6 W/cm
3
. The last value obtained for the RF discharge 

corresponds well to ones having been reached for DC /7/ and barrier /8/ 

discharges    
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Fig. 1 – Spatially averaged 

specific UV power WUV (а), local 

values WUV (see /4/) for the 

discharge center (b) and for the 

discharge periphery (c) vs Cl2 partial 

pressure; 𝑈0: 200 V (1), 400 V (2), 

800 V (3), 1000 V (4); L = 4 cm, P0 

= 1 Torr 

 

 

The following analysis of results of 

our simulation showed that:  

1).The optimal values of partial 

chlorine pressures are 0.001 – 0.01 

Tor; 

2).The maximal value of specific 

UV power can reach up to 0.6 

W/cm
3
. 

The results of the work were 

obtained using computational 

resources of Peter the Great Saint-

Petersburg Polytechnic University 

Supercomputing Center 

(www.spbstu.ru). 
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Fig. 2 – Spatially averaged 

efficiency η (а), local efficiencies 

(see /4/) for the center of discharge 

(b) and for the discharge periphery 

(c) vs Cl2 partial pressure; 𝑈0: 200 V 

(1), 400 V (2), 800 V (3),1000 V (4); 

L = 4 cm, P0 = 1 Torr 

Fig. 3 – Spatially averaged specific 

power of UV radiation vs total 

pressure of mixture Xe + Cl2 in 

relation: 10:1 (1), 100:1 (2), 1000:1 

(3), 3000:1 (4) and 10000:1 (5) with 

efficiency 3%, 7%, 12%, 12%, and 

1% respectively 
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The vacuum arc burns in the high ionized vapors of the cathode material. 

This steam environment forms as result of erosion of cathode in cathode spots. 
The lifetime of the single cathode spot is from tenths to tens of microseconds. A 
new spot appears at a distance of the radius of the cathode spot rK or more. Thus, 
the motion of the vacuum arc cathode spot along the eroding cathode surface is 
discrete. The cathode spot motion speed reaches 102 m/s. The probability of 
occurrence of a new cathode spot at a distance X greater than the radius of the 
cathode spot is small and decreases exponentially with increasing X > rК   

An external magnetic field is used for stabilization of the arc discharge on 
the machined surface of cathode and monitoring of the trajectory and the speed 
of the cathode spot motion. According to existing physical concepts, the reason 
of the retrograde motion of the cathode spot in an external magnetic field is the 
"asymmetry of the magnetic field" - the summation of the external and intrinsic 
magnetic fields on one side of the spot and their subtraction on the other one /1/. 
This asymmetry leads to the motion of the spot in the direction of the maximum 
induction of the magnetic field. But this motion is random because it is affected 
by ionization processes in the near cathode space, the uneven heating of this 
space and the mobility of the plasma jet itself. Discrete spot motion (the 
emergence of a new emission center instead of dying one) occurs in a straight 
line in by jumping. The distance to which the cathode spot moves and the 
direction of it motion are random variables. The technique for simulation of the 
trajectory of the single cathode spot motion in the absence of an external 
magnetic field is given in /2/. 

The aim of this paper is to develop an algorithm for calculating the 
trajectory of the motion of a single cathode spot of a vacuum arc in an external 
tangential magnetic field  as a stochastic process.  

MATLAB was used for calculation and visualization of the calculation 
results. A Cartesian coordinate system was used. The coordinate plane XoY was 
combined with the eroding surface of the cathode, the axis oZ was perpendicular 
to this plane. The current vector (I) was perpendicular to the coordinate plane 
XoY, and the magnetic induction vector (BBe) was parallel to this one and was 
directed along the axis oX. The direction of the cathode spot motion vector was 
always perpendicular to the plane in which vectors of the current and tangential 
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magnetic field lays. The motion of the spot goes in the direction perpendicular to 
the vector BeB . When the vector BBe rotates, the direction of spot motion along the 
cathode surface will change. The direction of motion of the cathode spot was 
calculated as random angle of displacement from the oX axis.  

For single cathode spot: 

, 
where γ – random number from 0 to 1. It is a characteristics of the probability of 
a new cathode spot appearance at a distance X from the center of the dying one. 
The coefficient a is equal to the diffusion coefficient of single spot on electrode 
surface /2/.  

Last equation defines new coordinates of the center of the cathode spot 
together with the procedure for angular coordinate definition. In this approach, 
the time parameters of the process are not required. Simulation of the process 
consists in choosing: a) the direction of the cathode spot motion; b) the distance 
to which the spot moves in one step. The spot changes its position discretely by 
the calculated distance. 

For realization of this stochastic approach it is necessary to specify a 
procedure that limits the angular deviation of the spot from the direction of the 
Lorentz force. An external tangential magnetic field limits an angular coordinate 
definition of the spot in the direction perpendicular to the magnetic force acting 
on the current channel. The angle of deviation from the direction of motion is 
determined by the magnitude of the external magnetic field: 

, 
where  d=d(Be) – the positive constant depends on the magnitude of the external 
magnetic field (indicator of the tangential magnetic field intensity). An angular 
coordinate definition calculates form the axis which is equal to the vector BBe.  

The indicator of the tangential magnetic field intensity is determined to use 
simulation method of /3/. If the angular coordinate at a given value of the 
external tangential magnetic field is known, it is possible to calculate a new 
angular coordinate for a new value of the magnetic field: 

, 
where b is the constant depends on a discharge current. 

A program for calculation of the random direction of the cathode spot 
motion (angle α) in the range of ± 90 ° from the direction of the spot motion and 
for calculation of the one moving step of the spot (dr) has been developed. 

The result of the calculation is shown in the figure in polar coordinates. 
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The graphical distribution of new emission centers relative to the center of 
the dying cathode spot is showed on figure. As we can see the most of new spots 
are formed at a distance close to the radius of the spot rК . Sharp jumps (up to 
3.4 radius of spot) are much smaller. 

Thus, a method for 
calculation of a cathode spot 
trajectory in an external 
tangential magnetic field was 
developed. This method allows 
to determine the optimal value 
of an external magnetic field and 
to obtain the required trajectory 
and the velocity of the cathode 
spot motion, to increase the 
uniformity of evaporation of the 
cathode surface and to decrease 
the droplets in the plasma flow. 
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Fig. 1 – The value of the angular and 
vector coordinates of the new emission 
center. For the indicator of the tangential 
magnetic field intensity d = 10 and the 
number of points of reference N = 500. 
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Phenomena related to the interaction between beams of charged particles 

with condensed matter and plasmas have been widely studied using different 

methods of diagnostics. In addition, beams of heavy fast ions are considered as a 

perspective driver for the inertial fusion.  

The plasma polarizational stopping power of heavy ions projectiles is 

described by the Lindhard formula /1/: 

 

[−
𝑑𝐸

𝑑𝑥
]

𝑝𝑜𝑙

=
2(𝑍𝑝𝑒)2

𝜋 𝑣2 ∫
𝑑𝑘

𝑘
∫ 𝜔2 (−Im

𝜀−1(𝑘, 𝜔)

𝜔
) 𝑑𝜔,           (1)

𝑘𝑣

0

∞

0

 

 

whose high-velocity asymptotic form was found by Bohr, Bethe, and Larkin /2-

4/: 

 

[−
𝑑𝐸

𝑑𝑥
]

𝑣→∞

𝑝𝑜𝑙

≅ (
𝑍𝑝𝑒𝜔𝑝

𝑣
)

2

Ln 
2𝑚𝑒 𝑣

2

ћ𝜔𝑝
.                                   (2) 

 

This expression is usually employed to diagnose the plasma /5,6/. 

The plasma inverse dielectric function (IDF), 𝜀−1(𝑘, 𝜔), was determined in /7/ 

within the moment approach /8/ complemented by some physical observations 

which permitted to express it in terms of only two characteristic frequencies, 

which are the ratios of the frequency power moments of the IDF imaginary part: 

 

𝜀−1(𝑘, 𝜔) = 1 +
𝜔𝑝

2(√2 𝜔1𝜔 + 𝑖𝜔2
2)

√2𝜔1𝜔(𝜔2 − 𝜔2
2) + 𝑖𝜔2

2(𝜔2 − 𝜔1
2)

.              (3) 

 

The frequencies 𝜔1 and 𝜔2 in (3) can be calculated rigorously as soon as we know 

the static structure factor (SSF) of the system /7, 8/. Here we employ the following 

interpolation expressions /9, 10/: 

 

𝜔1
2 = 𝜔1

2(𝑘) = 𝜔𝑝
2(1 + 𝑘2𝑘𝐷

−2 + 𝑘4𝑘𝑞
−4) ,                             (4) 
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𝜔2
2 = 𝜔2

2(𝑘) = 𝜔𝑝
2 (1 +

〈𝑣𝑒
2〉𝑘2

𝜔𝑝
2

−
𝑣𝑖𝑛𝑡

2 𝑘2

𝜔𝑝
2

).                           (5) 

 

The interpolation and fitting parameters introduced here are the following: 

 

𝑣𝑖𝑛𝑡
2 = −

4

15

Г
3
2

𝛽𝑚𝑒
(

−0.9052

√0.6322 + Г
+

0.27243

1 + Г
), 

 

and 𝑘𝐷
−1 is the Debye radius, Г =

𝛽𝑒2

𝑎
, 𝑘𝑞

4 𝑙4 = 12𝑟𝑠Г4 ,   𝑟𝑆 =
𝑎

𝑎𝐵
, 𝑙 = 𝑒2𝛽 is the 

Landau length,  𝑎 and 𝑎𝐵 are the Wigner-Seitz and Bohr radii,  𝛽 = 1/𝑘𝐵𝑇, 𝑘𝐵 is 

the Boltzmann constant, and 𝑇 is the temperature. Under the thermodynamic 

conditions we deal with here, the system is practically a classical plasma so that 

all magnitudes can be expressed in terms of the plasma coupling parameter Г, and 

we may use for the average electron thermal velocity the Vlasov classical form: 

〈𝑣𝑒
2〉 = 𝑘𝐵𝑇/𝑚𝑒.  

We have compared the polarizational losses of heavy projectiles in electron 

gas calculated within the simplified interpolation version of the modified method 

of moments /7/ to the results of the latter and to the PIC simulation data /11/ in 

classical systems, see Figure 1. 

 

  
 

Figure 1: The stopping power (-dE/dx) in thermal units,  i.e. divided by 3𝑘𝐵𝑇/𝑙, 

plotted vs the beam velocity vth = √𝑘𝐵𝑇/𝑚𝑒 . The dash-dotted line stands for the 

results of the interpolation model, the solid line represents the asymptotic form 

(2), the squares display the PIC simulation data /11/. The data describe an ion 

beam with a charge number of a) 𝑍 = 5 moving in an electron gas with 𝑛 =
1.1 ∙ 1020 cm−3 and 𝑇 = 1.6 ∙ 105𝐾  (𝑍Г3/2 =0.12), b) 𝑛 = 1.4 ∙ 1020 cm−3, 𝑇 =
1.3 ∙ 105𝐾,    𝑍 = 10  (𝑍Г3/2 =0.354). 

 

Under the above conditions the interaction contribution |U(q)| to the frequency 
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𝜔2 is at least an order of magnitude smaller than the kinetic one, K(q), so that the 

simplified random-phase interpolation form for the frequency 𝜔1(𝑞) is perfectly 

applicable /12/.  

We observe that the suggested simplified interpolation approach based on 

the modified method of moments is capable of describing the energy losses of a 

charged particle in warm dense effectively classical electron plasmas with a fairly 

satisfactory precision. Notice that no adjustable parameters were used, and the 

interpolation-model calculation is practically algebraic. Last year the same 

interpolation approach was applied to describe the stopping power of two-

component plasmas, and we are planning to carry out a comparative study. Our 

results imply the physical applicability both of the interpolation and the complete 

modified moment approach. 
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Physical processes upon laser ablation of materials are actively studied and 

modeled. A quantitative description of laser-induced plasma is very important 

for both fundamental study of this plasma source and development of a robust 

calibration-free method of laser-induced breakdown spectrometry (LIBS). The 

current study was focused on experimental and theoretical plasma modeling. 

The plasma was produced on a surface of an aluminum alloy. The plasma 

diagnostics was performed including determination of plasma parameters, such 

as plasma temperature and density of plasma species, and evaluation of plasma 

homogeneity. We investigated and compared three models of laser-induced 

plasma: (i) the homogeneous plasma at local thermodynamic equilibrium, (ii) 

the two-zone heterogeneous plasma approximated by the “hot” core and “cold” 

periphery (Fig. 1a), and (iii) the hydrodynamic model of expanding plasma (Fig. 

1b). 

a   

Fig. 1 – Models of laser-induced plasma: a) two-zones one, b) expanding ellipsoid 

 

The use of the model of homogeneous plasma is useful for the description 

of spectra in a narrow spectral range, where the lines with the similar excitation 

potentials are present. The more sophisticated models allow for the description 

of such spectral feature as self-reversed lines or are helpful for the description of 

plasma evolution. 

a b 
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2. ELECTRICAL DISCHARGES AND OTHER PLASMA 
SOURCES, ELEMENTARY AND NEAR-ELECTRODE 

PROCESSES 



 



STRONGLY OVER-VOLTAGE OPEN DISCHARGE IN DEUTERIUM 
AT LOW PRESSURE AS AN INTENSIVE SOURCE OF RUN-AWAY 
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Strongly overvoltage open discharges in a narrow gap (2-3 mm) between 
the solid plane cathode and the grid anode are used for generation of the pulsed 
high-current electron beams with the energy up to several tens of keV. Strongly 
overvoltage (SO) regime is unstable and the discharge tends to transit into low-
voltage (LV) regime with a very high total current. Therefore there is an 
insistent need in studying of the mechanism of instability of the SO regime 
which, in fact, is the most of interest from the practical point of view.  

We studied this transition by the example of the three-electrode open 
discharge in D2 at low pressure (about 0.5-2 Torr) being powered by stepwise 
voltage with the rise-time of 20 ns and amplitude up to 25 kV. General scheme 
of the used setup is shown in Fig. 1. The existence of the auxiliary third 
electrode allows one to get more stable ignition and reproducible operation of 
the strongly overvoltage open discharge.   

 

 

a) b) 
Fig. 1 - a) The electrical scheme of the three-electrode system generating a high-
current e-beam with the energy up to 25 keV. 1 - the solid cathode; 2 - the grid 
anode of the main discharge; 3 - the grid anode of the auxiliary discharge; R1 = 
56 Ohm, R2 =1 MOhm, Rs = 0.024 Ohm; С1 = 12.5 nF, С2 = 100 µF. b) 1 - the 
electrode system; 2 – flanges; 3 - quartz tube; 4 - quartz window; 5 - fast multi-

frame camera 
 
The physical properties of the SO and LV regimes and transition between 

them have been explored in detail with the usage of the fast multi-frame camera 
synchronized with the current and voltage of the open discharge. The 
experimental data were complemented with the numerical calculations of the SO 
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regime. The obtained results give more insight into physics of the strongly 
overvoltage regime of the open discharge generating the pulsed e-beams with 
their energy up to 25 keV and current up to 150 A. 

Fig. 2 shows the Current-Voltage characteristic of the three-electrode open 
discharge in the overvoltage regime. We found out that this I-U characteristic 
can be satisfactorily approximated by the cubic dependence I(A) ≈ (U-U0)3/40, 
where U0 = 5 kV. 

 

 

Fig. 2 - The Current-Voltage 
characteristic of the three-electrode 

open discharge in the diffuse 
overvoltage regime. The solid curve is 
the approximation I(A) ≈ (U-U0)3/40, 
where U0 = 5 kV. Deuterium, P = 2 

Torr, the auxiliary low-current discharge 
is powered with the voltage U* = 1 kV 

 

As it turned out, the higher applied voltage, the shorter duration of the 
overvoltage regime which just generates the high-energy e-beam. The 
experimental data showing in detail the spatial-temporal evolution of the open 
discharge up to its transition into the low-voltage regime with the high-current 
cathode spot(s) are presented in Fig. 3. This set of the obtained data is very 
useful for development of the physical mechanisms which responsible for 
supporting the strongly overvoltage regime of the open discharge and for its 
transition into the low-voltage regime. 

After close examination of all shots presented in Fig. 3, two important 
things were revealed. First, the SO open discharge is diffuse and does not 
constrict – contrariwise, the discharge increases the cross-section and brightness 
up to the transition into the LV regime. Second, the bright cathode current 
spot(s) happens after the SO → LV transition and therefore they cannot be a 
physical reason initiating this transition. Moreover, even if the cathode current 
spot happens at the SO regime, this spot cannot initiate the streamer (thin current 
filament) which further could propagate from the cathode towards the anode and 
eventually shunt the gap, i.e. to form the LV regime. An explanation of this 
statement is the following - the propagation of streamer (which, in fact, is the 
ionization wave) towards the anode requires the existence in the gap of an 
intensive direct ionization of neutral particles by the electron impact. However, 
the extremely high electric field at the cathode and in the gap in the SO regime 
(the reduced electric field E/N reaches of the huge magnitude of 105 Td and 
even higher) leads to that the electrons have immediately become the run-away 
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electrons which have the extremely low efficiency of the impact ionization and 
therefore cannot support the propagation of the streamer(s).  

The numerical simulation of the SO regime showed that the most probable 
mechanism of the SO → LV transition is a strong gas heating switching-on the 
intensive thermal ionization which forms the high-conductive plasma in the gap. 

 

   
1 2 3 

 
  

4 5 6 

   
7 8 9 

 

Fig. 3 - The set of the discharge images 
taken by a fast multi-frame camera and 

correlated with the current-voltage 
waveform. The white circle in each 

shot depicts the boundary of the 
discharge area on the cathode. The 
exposure time of each shot is 50 ns. 

The enumerated time moments marked 
in the current-voltage waveform 
correspond to those at which the 
enumerated images were taken. 

Deuterium, P = 2 Torr, U = 20 kV,  
U* =1 kV 
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Introduction. Modulation of the discharge current creates acoustic vibrations that 
interact with the plasma and as a result, a new acoustoplasma medium arises /1,2/. 
Modulation of current can excite acoustic vibrations. The discharge tube is an 
acoustic resonator. Standing waves are created in the tube. At low modulation 
frequencies, only longitudinal acoustic modes exist in the tube. As the modulation 
frequency is increased, the standing non-axial modes are formed in the tube /3/. 
Plasma and acoustoplasma are self-consistent media, and therefore the phenomena 
in them (including acoustic ones) should be described by nonlinear equations, i.e. 
nonlinear acoustics. One solution of the equations of nonlinear acoustics is soliton 
waves, which can be formed in various media, including plasma /4,5/. 
 
Experiment. The conditions for creating the acoustoplasma and the experimental 
setup were described in /6/. In this experiment, the xenon pulse lamp IFP-5000 was 
used as the discharge tube. The internal diameter of the quartz discharge lamp tube 
is 12 mm. The direct component of the discharge current I0 = 20-30 mA, the 
variable component I ~ = 4-10 mA. The pressure of xenon is ~ 100 torr. At this 
pressure, even at a current of several mA, as a result of thermal contraction, the 
discharge turns into a thin cord with a diameter of ~ 1 mm. 

With DC power, the cord discharge due to Archimedes' force is located in 
the upper part of the cylindrical tube and represents a straight line (Fig. 1a). When 
modulating the discharge current due to the acoustoplasma interaction, a standing 
wave is formed due to reflection from the ends of the tube and the path of the cord 
discharge is bent. As the depth of the current modulation (modulation depth  
M = I ~ / I0) increases, different spiral structures appear in the tube, which are 
stable in time. At frequencies corresponding to the non-axial modes of the acoustic 
cavity formed by the discharge tube, a spiral is obtained, represented in Fig. 1b. 
The number of turns of this spiral can be changed by changing the modulation 
frequency /7/. 

The description of spiral structures obtained in plasma can often be found in 
the literature, but they did not mention their stable state, the possibility of 
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controlling these structures was not considered, and the acoustoplasma interaction 
was not considered. 

Under certain modulation conditions, ring-stable single-loop turns are 
formed in the tube. One can obtain one (Fig. 2a) or several (Fig. 2b) of such ring 
single turns, the rest being a straight line, in spite of the fact that the current is 
modulated. It can be seen from Fig. 2b following the discharge trajectory that 
adjacent rings of single turns change the direction of rotation. Two rings connect 
the straight plasma cordon top. One of the rings goes on the right screw, and the 
next one, necessarily on the left. If there are several rings, then the next one again 
on the right screw, etc. 

 

 
а)     b) 

 
Fig.1 - Various trajectories of a cord discharge: a) discharge at a direct 

current; b) spiral structure in acoustoplasma 
 

Generally. For the non-axial modes, the resultant wave vector has the form 
 

2 2
zk k k 2

r= + (1) 
 

where k is the resultant wave vector, kz is the wave vector along the discharge axis, 
kr is the wave vector orthogonal to the discharge axis (circular component). This is 
also true for acoustic soliton waves. 

With an appropriate selection of frequency-amplitude relationships, with the 
superposition of waves reflected from the ends of the tube, the longitudinal 
components of the two opposing solitons can be compensated, and the circular 
components can be made uncompensated. As a result, a standing soliton circular 
wave in the form of a single turn is formed in the discharge tube with a contracted 
cord discharge. 
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In /8/ it is indicated that for the model description of stable vortex structures 
the term "topological solitons" is used. In the simplest form they are described by 
the equations "Sinus-Gordon" in the form of "kinks" (loops). 

Movement along the positive direction corresponds to "kink", and movement 
in the opposite direction "antikink." In our case, these are solitons walking along 
the discharge in different directions. The solutions of the Sinus-Gordon equation 
are characterized by a topological charge of ± 1. Thus, adjacent rings must have 
different directions of rotation in order to compensate for topological charges. As a 
result of the partial annihilation of the multidimensional "kink" and "antikink", we 
obtain rings in the discharge tube. One-dimensional "kink" and "antikink" would be 
annihilated entirely. 

Usually such a representation is applied to condensed media. The 
acoustoplasmа in its parameters becomes similar to a condensed medium /8/. 
Therefore, for acoustoplasma, the same consideration can be applied through 
soliton solutions. 

Similarly, in ferromagnets with anisotropy, the simplest configuration of the 
field is a nonsingular annular vortex. 

You can consider a different approach, using the order parameter. The order 
parameter is a thermodynamic quantity characterizing the long-range order in the 
medium, which arises as a result of a change in symmetry during the phase 
transition. 

It was experimentally found that under certain conditions, phase transitions 
can be made in an acoustoplasmа during each modulation period /6, 9/. Moreover, 
it can be done both with a change in the topological connectivity, and without a 
change in the topological connectivity. Those, oscillations of the order parameter 
about equilibrium are carried out. Continuous degenerations of the equilibrium 
states of ordered phases lead to a state in which the order parameters depend on the 
coordinates. Such inhomogeneous states of the order parameter are usually created 
by means of external fields. They can exist in the form of different metastable 
structures (including solitons). 
 
Conclusion. Single turns in the acoustoplasma medium were experimentally 
obtained. These single turns are identified as stopped solitons. Thus, the formation 
of solitons and their stabilization in space are possible in a cylindrical discharge 
tube with an acoustoplasmа medium. When reflecting solitons from the ends of a 
cylindrical discharge tube, it is possible to compensate their longitudinal 
components while preserving the circular component. It is this phenomenon that 
leads to the formation of single turns in the acoustoplasma. 
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The formation of solitons in an acoustoplasma can be described both by the 
equations of nonlinear acoustics and by changes in the order parameters during 
phase transitions. 
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Introduction. Sources of atmospheric pressure plasma jets have been 

becoming an object of intensive study, largely, due to the prospects for their use 

in biomedical applications. Nowadays, several types of such sources have 

already developed /1–3/. This paper is devoted to the comparison of two types of 

atmospheric pressure plasma jets which are based on dc glow /2/ and dielectric-

barrier /3/ discharges. The aim of this research is to investigate the formation of 

the plasma jet depending on the type of the discharge and helium – air mixture 

proportion. 

Generation of plasma jets. The fabricated discharge cells for a dc glow 

microdischarge and dielectric-barrier discharge (DBD) generation provide the 

same gas-dynamics conditions due to the identical geometrical sizes. Their 

design is presented in Fig. 1. 
 

 
Fig. 1  The design of the discharge cells for the generation of plasma jets in dc 

glow (a) and dielectric-barrier (b) discharges 

 

A quartz tube with an inner diameter of 7.5 mm was used as a discharge 

cell. It was equipped by a cylindrical electrode of 4 mm in a diameter made of 

copper that was fixed in the center line of the tube. To generate a dc glow 

microdischarge, it was used as a cathode, and a copper nozzle with the hole of 
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1.5 mm diameter served as an anode was firmly pressed to the polished edge of 

the quartz tube so that the interelectrode gap was 0.7 mm (Fig. 1(a)). In the case 

of DBD, the cylindrical electrode was applied by high voltage, and the second 

(grounded) electrode made from a copper foil strip wrapped on the outer side of 

the tube (Fig 1(b)). The outlet of the tube was closed with a dielectric nozzle 

with a 1.5 mm diameter hole.  

Owing to the same geometry of the discharge cells, we provided the same 

gas dynamics conditions for both discharge systems. The total gas flow rate was 

equal to 5 L/min. The content of air admixture in a helium flow was varied from 

0 till 25%. 

To feed a dc glow microdischarge, dc voltage of up to 5 kV was applied to 

the electrode system through a limiting resistor with an opportunity to change 

the electrodes polarity. It provides maximum currents up to 40 mA. The 

discharge currents and voltages were recorded by means of two true-RMS 

multimeters. In addition, to monitor fast-changing processes, the same values 

were recorded with an oscilloscope. 

In the case of DBD generation, a sinusoidal 26 kHz voltage power supply 

was used. Electric parameters were measured with a current shunt of 1 kΩ and 

1:1000 voltage divider (Tektronix P6015A). A jet current was measured with an 

additional flat electrode which was grounded with the current shunt of 1 kΩ.  

DC glow microdischarge plasma jet. The plasma jet driven by the dc 

glow microdischarge has been shown not to be formed in the helium flow 

without air admixture. In this case, the voltage drop across the discharge gap is 

similar to the observed in /4, 5/. With adding the air admixture, the plasma jet 

appears and at the increasing of the air content it becomes longer (Fig. 2). At the 

same time, this leads to the increase in voltage drop, but the current-voltage 

characteristics (CVC) of the discharge for all the cases are rising at the currents 

of 5-30 mA (Fig. 3). Solid and dashed lines in Fig. 3 correspond to the different 

polarity of the electrodes. CVC and the plasma jet formation almost does not 

depend on the electrodes polarity at different proportion of the helium – air 

mixture.  

 
Fig. 2  20 mA DC glow discharge in helium–air mixture at the different air 
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content: 1 – without air; 2 – 1%; 3 – 5%; 4 – 10%; 5 – 25% 
 

 
Fig. 3  Current-voltage characteristics of the dc glow discharge when the 

electrode inside the tube is a cathode (solid curves) and at reversed polarity 

(dashed curves): left – in a helium flow at various air content (1 – without air 

admixture; 2 – 1 %; 3 – 5 %; 4 – 10 %; 5 – 25 %); right – in air (a, b – in a 

stationary air medium; c, d – in the air flow) 

 

The glow discharges with various electrodes polarities in air are 

significantly different. Without air blowing through the discharge cell, CVC at 

both polarities are almost identical (curves a and b in Fig. 3, right). The 

discharge voltage drop is similar to the obtained in /6/. When air is blown (at 

5 L/min) through the discharge cell, the current-voltage characteristic is shifted 

at the change of the electrodes polarity (curves c and d in Fig. 3, right). CVC is 

falling at the reversed polarity of the electrodes. This indicates nonstationary 

processes in plasma volume detected by oscilloscope as well. 

Comparison with a DBD plasma jet. Fig. 4 shows the discharge and 

plasma jet images at the discharge current of 6 mA (RMS). The main feature of 

the DBD plasma jet is that it transfers the current, whereas the dc glow 

discharge plasma jet current is not detected. The current of the DBD plasma jet 

is equal to about 3–5 % of the discharge current that is 0.2–0.35 mA. At the 

same time, it changes along the length of the plasma jet. With the increasing of 

the air concentration in the helium-air mixture (up to 25%), a fast decrease in a 

visible jet length and increase in the discharge voltage drop from 1.6 to  

1.8 kV has been observed.  
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Fig. 4  Dielectric-barrier discharge in the helium–air mixture at various air 

content: 1 – without air; 2 – 1%; 3 – 5%; 4 – 10%; 5 – 25% 

 

The studied two types of plasma jets are very different objects. Dielectric-

barrier discharge plasma jet transfers a current, but the DC glow discharge 

plasma jet does not. A visible radiation of the DC glow discharge plasma jet is 

provided by chemiluminescence of active plasma components which appear at 

air admixture. 
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One of the most important problems in the field of pulsed power thrusters 

is understanding of mechanisms of generation of high-power high-speed particle 
beams/1/. An effective method for generation of such beams is high-power 
vacuum surface flashover at voltages of 100-200 kV. The surface flashover is 
being investigated by various methods at wide range of pulsed conditions like 
pulse width, power, energy input etc. Design features of pulsed generators of 
different types and sizes sometimes in an unknown way affect the parameters of 
the generated beams and bunches, which makes difficult to compare the 
experimental results obtained at different setups and complicates the measuring 
techniques. As the experimental methods become more complex, the 
development of theoretical models and methods for calculation of plasma 
bunches parameters depending on the electrical parameters of generators and 
physical properties of the propellants attract more attention. Like other complex 
electrophysical processes, high-current surface flashover includes /2,3/ several 
stages: generation of free electrons and ions by strong electric field, rapid input 
of energy into dielectric, phase transitions, formation and acceleration of plasma 
etc. 

In this work, we emphasize mainly on aspects, connected with 
comparative measurements for broad number of parameters of plasma flows, 
generated by different work materials, as a base for reliable theoretical 
calculations. 

Experimental setup comprised of a nanosecond pulse generator, vacuum 
chamber and pumps, Faraday cup with measuring circuits, ballistic balances and 
digital oscilloscope. We used a generator with the following parameters: stored 
energy is 3 J, impedance is 25 Ω, maximum current is 3.5 kA, pulse duration at 
matched-load conditions is 25 ns. We used PTFE, polyethylene, polystyrene and 
PMMA as samples. Also, alkali-halide crystal KCl were tested as model object. 
The chosen materials have relatively broad range of density, permittivity, heat 
capacity, thermal diffusivity, molecular weight of the monomer etc. Using of a 
set of propellants having very different physical properties including materials 
can significantly increase the reliability of the theoretical results. 

Discharge unit has linear electrodes with a gap of 20 mm. We used this 
electrode configuration of the discharge because of relatively simple pattern of 
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electrical and magnetic fields distribution around it. It allows us to distinguish 
the action of different factors on the plasma bunch more clearly. Another 
advantage of the linear discharge is that the position of the discharge channel is 
well reproducible from shot to shot (in contrast to coaxial configuration) and the 
channel has well defined direction relative to the sample. Reproducibility of the 
results is high also because of good mechanical properties and radiation 
resistance of the tested materials. For measurement of discharge current we used 
a current shunt made out of 60 TVO-1 volume-type resistors in parallel. 

We obtained waveforms of current and voltage across the discharge gap 
as the breakdown is initiated both from the anode and from the cathode. 
Maximal measured current was 3.5 kA. Waveforms of voltage across the gap for 
PTFE are at the Figure 1. These waveforms show the features of high-voltage 
stage of the breakdown propagation process, which are related with the 
difference between mechanisms of anode- and cathode-initiated flashover. 
Ionization front speed for cathode-initiated breakdown is 1.5 times higher than 
that for anode-initiated process. This behavior is well explained by the 
difference in dynamics of electrons emitted from the dielectric in these two 
configurations. 

 

 
Fig.1 – Waveforms of voltage across the 
gap for Teflon for cathode (a) and anode 

(b) initiation of breakdown 

 
Fig.2 – The waveforms of ion current for a 

polyethylene specimen 

When the discharge is initiated from the cathode, electrons are generated 
directly in ionizing electric field at the front of propagating conductive area and 
move to the anode almost without energy loss. However, when the discharge is 
initiated from the anode, electrons emitted at the front of conductive area move 
to the anode above partially ionized positively charged surface of dielectric 
through the region of near-surface ionized gas and create an avalanche of 
secondary emission electrons. 
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For measurement of ionic component of current of plasma bunch we used 
a Faraday cup with magnetic insulation of ion collector. Diameter of the 
collector is 100 mm. Using of resistive load at the collector (50 Ω) provides 
relatively good resolution, so we can see several ion peaks in the waveforms of 
ion current. Waveform of ion current measured at 15 cm from the discharge on 
PE sample is presented in Fig. 2. 

We calculated full ion charge of the bunch using waveforms of current 
and pre-measured angular distribution of ions. Besides, we measured mass loss 
per discharge for all the tested materials. If we know value of mass loss per 
discharge and full charge of ionic component of the plasma bunch, we can 
calculate ionization degree of the material in the bunch. Values of mass loss, 
thrust, ionization degree, and energy of the plasma bunch are in Table 1. 

The measurements of directional patterns were carried out in two 
mutually perpendicular planes: in the plane in which a discharge path lies 
(meridional plane) and in the plane normal to the discharge path (equatorial 
plane). Faraday cup moves along the arc with radius of 50 cm (distance from the 
discharge) in steps of 15 degrees. The size of the vacuum chamber (diameter 
1.2 m, length 2.5 m) was big enough to avoid the influence of reflected particles 
on directional pattern. Values of ion current for other points in upper hemisphere 
(full directional pattern) were found by smooth interpolation of angular 
distributions of current for equatorial and meridional planes.  
As a second method of measuring of directional pattern we used mica targets 
which absorb the particles ejecting from the discharge area. Four mica plates 
(150x25 mm) are located in equatorial and meridional planes above the 
discharge area so that they form two arcs intersecting at the right angle. Each arc 
approximately corresponds to a spherical sector with radius of 150 mm. Such a 
location of the targets allows us to estimate the full directional pattern by 
interpolating with a good reliability. 

Thickness of the deposited film was assumed to be proportional to the 
absorption coefficient of the deposited film. We find this thickness as a 
logarithm of intensity of transmitted light. Increase of mass of all 4 mica targets 
accounts for 9 mg. for 30000 shots. Comparison of the directional patterns 
obtained by the two methods is at Fig. 4. We see that the curves are qualitatively 
similar which means that the obtained directional patterns and values of full ion 
charge are reliable enough. 

The full charge of ion component and total mass loss allows to calculate 
ion efficiency, i.e. a share of ions in the whole bunch, and to compare it with the 
corresponding theoretical estimations. 
These patterns demonstrate significant difference in ion current and value of 
deposited material depending on the azimuth angle. These values abruptly 
decrease in meridional plane at angles more than ten degrees from the normal. 
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Optically visible part of the plasma plume in meridional plane tends to 
converge, whereas in equatorial plane the plume expands. The comparison of 
this ion patterns with deposit mass distribution on thin mica plates show, that 
аscattering of charge in equatorial direction is more wide then angular mass 
dispersion. This is a consequence of more strong scattering of light charged ions 
(H+) then more massive molecules. Experimental results of three materials in 
study collected in Table 1. 

 
Fig.3 – Angular pattern of plasma bunch, calculated from ion current (dots) and from 

sediment mass flow (line) for a ceramic barium titanium. 
 

. Mass 
consum-
ption, µg 

Mass 
consumption, 
1017atoms 

Thrust 
pulse, 
µN*s 

Energy 
of 
bunch, 
mJ 

Kinetic 
energy, 
mJ 

charge, 
µC 

Teflon 1,3 0,47 4,7 66 8,5 45 
Polyethylene 0,27 0,35 1,8 34 6 35 
PMMA 0,46 0,41 1,6 35 5,6 31 

 
We considered that the layer of almost quasi-neutral plasma formed over 

the surface of the dielectric during the high-voltage phase of breakdown is 
heated by the Joule heat of a high-current discharge. In these conditions, the 
dependence of the temperature of this layer on time was calculated by solving 
the problem of thermal interaction between the plasma and the dielectric. 
Solving the one-dimensional heat conduction equation in the plasma and the 
dielectric, we used data of the experimental waveforms as an internal heat 
source in the plasma. The problem was solved for polyethylene and KCl. The 
results of calculations for polyethylene are shown in Fig. 4. 
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Fig. 4 – Temperature distribution in the 
plasma of ethylene. X=0 corresponds to the 

plasma-polyethylene boundary 

Fig. 5 – The Maxwell velocity distribution of 
the main ions of the plasma 

 
The calculated Maxwell velocity distributions of the main plasma ions 

corresponding to a temperature of 14000 K are shown in Figure 5: 
It is seen that the average thermal velocities of the main plasma 

components are in the range of 103-104 m/s. Hydrogen ions have the highest 
values, their speed can reach 4×104 m/s. The lowest values correspond to 
ethylene ions, their velocities do not exceed the range of ~103 m/s. 

Similar calculations were made for all the compounds used. Therefore, the 
velocities of fast ions ~105 m/s observed in the experiments are most likely to be 
due to the additional influence of electrostatic acceleration, which is to be taken 
into account in studies /4/ of flashover on liquids in porous ceramic. 
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Different types of low-pressure discharges are now under investigation at 
Plasma Physics Department and Laboratory of Plasma Surface Interactions and 
Plasma Technology of MEPhI. The main purpose of our activity is not only to 
clarify the new type of discharges but also to test these discharges for 
technological application. 

Plasma beam discharge facility with magnetic field was used for detailed 
characterization of unstable processes occurring during plasma interaction with 
targets covered with self-sustainable thin dielectric films. A new type of self-
oscillation secondary electron discharge SOSED was found. SOSED uses only 
DC power supplies, but combines the properties of discharges with constant, HF 
and frequency-pulsed power supply, which extend its practical use as compared 
to conventional beam-plasma discharges. 

This discharge demonstrates possibility of oscillations generation in a 
broad range of parameters (up to 75 kV (Fig. 1) in amplitude and in 10–100 

MHz frequency range). 
The efficiency of energy transfer 

from inductance to ion component of 
plasma is ~ 90%, and ~ 80% of source 
of negative biasing transforms to ion 
energy. This effect can be the base for 
self-oscillatory method of immersion 
implantation. 

Using water-cooled metal resonator, 
the high current HF self-oscillating 
discharge with helicon self-oscillation 
without external source of HF power 
and antenna is realized.  

Plasma beam discharge without 
magnetic field was also applied for 

soft etching of carbon based nanostructures and generation of centers of high 
emissivity.  

Fig. 1 – High voltage pulse in SOSED 
at outer circuit inductance L = 180mG 

Some other technological gas discharge devices are shown in Fig. 2a–d. 
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a)   b)   c)   d) 

Fig. 2 – Different MEPhI installations with magnetron, anomalous glow 
and ICP discharges 

 
Despite the wide application of magnetron sputtering systems, in this area 

there are problems of improving the quality of films and the efficiency of the 
process of their creation. For this reason, various modifications of the magnetron 
sputtering technology, differing in the methods of discharge power supply, 
magnetic field configurations, ion deposition assisted deposition techniques, 
etc., are being actively developed today. Among these, the most prospective are 
high power pulsed magnetron discharges and hot target sputtering systems. 

Recently /2–8/, the technology of high-rate coating deposition with a hot 
(liquid) target magnetron has been developed for a number of materials, 
including Cu, Cr, Si and others. The most prospective approach is to combine 
high-current impulse magnetron discharge with the hot target gasless 
sputtering/evaporation. It allows one to greatly enhance the deposition rate 
without compromising the film quality in comparison to conventional DC, 
pulsed DC, and HiPIMS regimes. 

Some features of  magnetron discharge with hot melted cathode are shown 
in Fig. 3 and Fig. 4. Zone I–IV in Fig. 3 demonstrates different modes of 
magnetron discharge operation. Zone I corresponds to sputtering of solid target 
with Ar ions, zone II is target melting, zone III – stabilization of current and 
voltage, IV is the self-sputtering mode with no working gas used. 

Fig. 4 – Magnetron discharge 
with liquid cathode parameters 

for different magnetic fields 

V
ol

ta
ge

, U
,V

 

   
   

 C
ur

re
nt

 d
en

si
ty

 A
/c

m
2 

  

Fig. – 3 Change of magnetron 
discharge during target melting

t, s 
 

Plasma Physics and Plasma Technology 9____________________________________________________________________________

92



The stable pulsed magnetron discharge with melted cathode in self-
sputtering mode was realized by applying an additional pulsed voltage (~ 30 ms) 
to magnetron discharge with melted cathode in self-sputtering mode. The 
ionization coefficient of this new discharge type is α ~ 60% at plasma density 
n ~ 2×1013 сm-3.  
         Voltage–current characteristics 

(peak values measured at 500 μs 
after the beginning of high 
voltage pulse) for this discharge 
are shown in Fig. 5. Target 
melting stars at q = 45 W/сm2, 
transition to self-sputtering mode 
occurs at q = 70 W/сm2. 
     This new type of pulsed 
magnetron discharge with liquid 
cathode was found to give extra 
high deposition rates of different 
materials. For example, the 
deposition rate for Cu ~ 
650 nm/min and 30 nm/min for 
Si that is approximately 30 times 
higher than that for conventional 

magnetrons with cold cathode. 
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Fig. 5 – Characteristics of pulsed 
magnetron discharge with liquid cathode 

Topical applications of high-quality deposition technologies being 
developed at MEPhI include: creation of protective films on fuel elements of 
nuclear reactors to prevent steam-Zr reaction in the concept of accident-tolerant 
fuel; creation of protective wear and corrosion-resistant coatings in automotive 
technologies; metallization of VLSI; creation of Si-based corrosion-resistant 
coatings; preparation of transparent thin oxide films (Al2O3, ZrO2, ZnO, etc.) for 
laser optics; preparation of visible light filters (Al, Zr) on scintillators for X-ray 
detectors, and many others. 

Different methods for plasma-surface modification with above mentioned 
discharges are being explored /9–11/. For example, the surface of titanium 
dental implants can be effectively engineered by inductively coupled plasma 
(ICP) to improve osseointegration time. Different types of surface topology can 
be prepared and controlled by varying irradiation regimes. 

The anomalous glow discharge was used for nitriding of hidden cavities 
and inner surfaces of tubes.  

The surface hardening of materials under low temperatures (without bulk 
degradation due to unwanted phase transitions) is effectively performed with 
plasma-immersion ion implantation (PI3) nitriding technique with ion energies 
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up to 50 keV. This method ensures high depth of improved hardness combined 
with low process temperatures. For example, 70-µm nitride layer in VT-22 Ti 
alloy can be prepared with 25-keV ions after 3 h. This approach is a basis for 
duplex hardening technology when PI3 nitriding is followed by magnetron 
deposition of TiN, and no bulk degradation of material occurs. 

ICP discharge has also been used to produce nanostructured W-fuzz. 
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DEVELOPMENT OF DIELECTRIC BARRIER SURFACE DISCHARGE 

IN AIR (recent experimental data)  
 

M.V. Sokolova, V.V. Voevodin, Yu.I. Malachov 
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Krasnokazarmennaya 14, Moscow 111250 Russia,  

mvsokolova@mail.ru 
 

           The aim of the present work was to analyze the type of the influence of 
different external factors on electric characteristics and on the structure of 
surface dielectric barrier discharge (SDBD) in air. The experimental data on the 
ignition voltages U0 and dimensions of discharge area L of SDBD that can be 
found in publications for identical barriers differ much and it prevents their 
usage in modeling and calculations. For instance, interesting results given in 
/1,2/ are for a range of ε values but for different barrier materials, whereas the 
barrier thickness and other experimental conditions are not indicated. Influence 
of each of these properties separately on SDBD for equal other features is 
analyzed in present investigation. The dependence of discharge characteristics 
on such factors as the type of applied high voltage (impulse or sine, impulse 
form and front steepness and amplitude) and parameters of the dielectric barrier 
(its material, its thickness, value of dielectric constant ε) were analyzed in 
present work. The initial voltage U0 of the discharge appearance, the discharge 
current Id, its energy E and the discharge structure were measured for a single 
strip electrode 1-3 mm wide placed on one side of a dielectric plate 1-5 mm of 
thickness, while the grounded electrode 60 mm wide has been placed on its 
reverse side (Fig.1). All electrode edges except one side of the stressed electrode 
were covered by an epoxy layer. 

Corona electrode (HV)

Ground
electrode

Barrier thickness

60 mm

1 ÷3 mm

Epoxy

Fig. 1 - Electrode configuration 

 
 
 

Rf

 
 

Fig. 2 - Electric circuit 
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The barrier material was of different kinds of ceramic (Alumina and 
ceramic on base of MgO with ε = 7- 35) and Plexiglas (ε =2.3). The experiments 
with single and periodic impulse high voltage (amplitude up to 9 kV, impulse  
duration 0.5 – 5 μs, impulse front steepness up to 100 V/ns and frequency 
14 kHz) were carried on using specially developed high voltage impulse 
generator. A high voltage probe Tektronix 6015A, measuring resistance Rsh and 
current attenuator D2-31 were used to measure the form and amplitude of the 
applied voltage and the discharge current (Fig.2). The ignition voltage U0 of the 
discharge was defined using the voltage, discharge current and light emission 
oscillograms for the moment of the current and light emission appearance. The 
discharge appearance in all cases corresponds to the impulse voltage front. The 
discrepancy of the measured U0 values was (10-20)%. 
          A range of SDBD characteristics in air that were measured in our earlier 
experiments have been already presented in /3-4/. In the present work an 
additional recent data are given. All results shown below were achieved in 
accurately defined conditions. Single impulse voltage Um = (6.0-8.0) kV (front 
steepness dU/dt = 70-80 V/ns, Rf = 500 Ohm) was used, barrier thickness was 
(0.9-1.6 mm) and ε = 2.3 – 35 (ceramic on base of MgO). Measured mean 
values of U0 are given in Fig. 3.  
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Fig. 3 - Dependence of mean values of 
U0 on barrier permittivity ε value 
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Fig. 4 - Dependence of consumed 

electrical energy on impulse periodic 
voltage amplitude Um 

 
The steepness of the voltage impulse front is known to have an influence 

on the form of the discharge current impulse form. In Fig. 4 the measured 
discharge energy E as a function of voltage impulse amplitude Um is presented 
for different steepness of voltage impulse front τimp and two values of Rf. 
Corresponding steepness values for each amplitude Um are inscribed in the 
figure. It is well known that the discharge current in case of a sine voltage 
consists of a range of pulses of microdischarge currents. Under impulse voltage 
with nanosecond front duration there is mostly seen a single current impulse 
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which includes all individual microdischarge current pulses. The present 
measurements have shown that with the front steepness of the impulse voltage 
curve less approximately 50 V/ns there appears a set of current pulses instead of 
a single pulse for the same other conditions. In Fig.5 u(t) and i(t) oscillograms 
for two values of front steepness of voltage impulse are given for Um = 6 kV and 
Alumina ceramic barrier. The result provides a possibility to compare the time 
of microdischarge formation with the rise time of the applied voltage. 

 

40 V/ns

80 V/ns

80 V/ns

u(t)

i(t)

Fig. 5 -  Typical oscillogram of the SD 
currents for different voltage  steepness 

1 mm 1 mm

A B
Fig. 6 - Dust figures on Plexiglas 
barrier for different voltage steepness: 
70 V/ns (A) and 40 V/ns (B) 

 
The main attention in present work was paid to the influence of the 

dielectric barrier characteristics on the structure of the discharge. The 
experiments with single and periodic impulse high voltage (amplitude up to 
9 kV, impulse duration 0.5-5 μs, impulse front steepness up to 100 V/ns and 
frequency 14 kHz) indicate that the surface discharge structure visualized using 
different experimental methods, such as photo and dust figure technique, 
strongly depends on all the above mentioned factors. Dust figures of the charge 
left on the Plexiglas barrier surface (0.9 mm of thickness) after the discharge 
under voltage impulse (Um= +6 kV) with different front steepness are given in 
Fig.6 and show more powerful and more developed branches of microdischarge 
channels in case of higher steepness of the voltage impulse front for the same all 
other conditions. In fig.7 surface discharge images made by Nikon d5200 
camera are given for periodic impulse voltage with Um = +6 kV, f=14 kHz and 
different voltage steepness dU/dt = 40 and 70 V/ns. 

In Fig.8 dust figures of charge left on the barrier surface after the 
discharge for different ε values of the barrier material and identical all other 
conditions are presented and demonstrate strong influence of the barrier 
properties on the discharge characteristics. 

Special measurements have shown, that the state of dielectric barrier 
surface and mostly the possible presence of surface charges can drastically 
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change the U0 measured values and the discharge structure. Special attention in 
the work was paid to get the barrier surface clean from charges, humidity and 
toner powder that was used to develop the discharge structure.  

 

A B

1 mm 1 mm

 
Fig. 7 - SD images for different 

voltage front steepness: 70 V/ns (A) 
and 40 V/ns (B) 

 < Electrode

ε = 7

ε = 15

 
Fig. 8 - Dust figures for different ε 

values of the barrier material 

 
Conclusions.  

The experiments with single and periodic impulse high voltage 
(amplitude up to 9 kV, impulse duration 0.5 – 5 μs, impulse front steepness up 
to 100 V/ns and frequency 14 kHz) indicate that the surface discharge electric 
characteristics especially the U0 values, and the discharge structure visualized 
using different experimental methods, strongly depend on wide range of factors, 
which must be known if the experimental results are used in modeling. The 
most important influencing factors besides the applied voltage form are the 
barrier properties and the “memory effect” of the charge left on the barrier 
surface after previous discharges. 
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The propagation of an acoustic signal in a tube with a plasma leads to an 
acoustoplasma interaction. The discharge tube is also an acoustic resonator. 
Acoustoplasma interaction forms complex superlattices of parameters in the 
plasma, which can significantly change the parameters of the plasma medium itself. 
Such environment academician of NAS RA A.R. Mkrtchyan has been proposed to 
be called an acoustoplasma /1, 2/. 

Only gas-discharge plasma with modulated or direct current will be 
considered below. By modulated current we mean a discharge current containing a 
direct and a variable component. The ratio of the amplitude of the variable 
component to the value of the direct component will be called the modulation 
depth. 

The modulation of the discharge current leads to the modulation of the heat 
release and the pulse simultaneously along the entire axis of the discharge, which 
results in the appearance of an acoustic wave in a direction that is orthogonal to the 
axis of the discharge tube. But such a wave in a gas can notexist, it goes into a 
spiral wave and then breaks down into spiral and longitudinal waves. If the 
modulation frequency of the current is lower than the frequency of the existence of 
the spiral waves, then only the longitudinal waves are excited/3/. 

Acoustoplasma, as well as plasma without acoustic disturbance, is a self-
consistent medium and with the help of control parameters it is possible to control 
almost all the parameters of the acoustoplasma. Control parameters include gas 
pressure, frequency and depth of modulation, the magnitude and shape of the 
variable component of the discharge current. 

Figure 1 shows the various processes in the acoustoplasmа, the control of 
which was carried out in our laboratory. Practically for each of the elements of Fig. 
1 there is at least one publication. According to the results of the researches by the 
laboratory staff from 2005 to 2014, 7 Ph.D. dissertations were defended. 

A multichannel apparatus for recording measurement results with a record 
was developed, which allows one to carry out a real experiment once. And then by 
recording, repeatedly, in a virtual environment, explore the parameters and 
processes of interest to us. 

____________________________________________________________________________2. Electrical discharges and other plasma sources, elementary and near electrode processes 

99

mailto:arbel11@mail.ru


Methods for processing the results of measurements, which made it possible 
to process large databases of experimental data were developed. To obtain directly 
from the experimental data differentials and integrals of the investigated quantities, 
to obtain, by means of approximations, analytic expressions. Methods for using the 
theory of catastrophes and for solving incorrectly posed inverse problems in 
acoustoplasma studies were also developed /4/. 

All this set of works allowed us to obtain definite results for all the elements 
of Fig. Since we conducted the study, in the future the term "management" will be 
replaced by the term "change". 

 

 
 

Column 1-change of acoustic parameters in the acoustoplasmа medium; row 1-
amplification of sound; 2-attenuation; 3-generation; 4-change the speed of sound; Column 2-
change of electrical parameters; row 1-direct component of voltage; 2-alternate component of 

voltage; 3-alternate component of current; 4-phase shift between voltage and current; 5-resistance 
and conductivity; 6-distribution of charges in space; 7-distribution charges in time; 8-change in 

time RCL parameters of an equivalent circuit modeling the discharge; Column 3-change of 
optical parameters; row 1-integrated brightness; 2-change of spectrum lines and bands; 3-

generation of strong spectrum lines; Column 4-change of thermodynamic parameters and phase 
transitions; row 1-temperature; 2-thermodynamic phase transition; 3-non thermodynamic phase 

transition; 4-speed control of the plasma components; 5-control of acoustic streaming; 6-memory 
relaxation; Column 5-change in energy parameters; row 1-efficiency; 2-energyinvestigation; 3-

energy capacity; 4-luminous efficiency of light sources; 5-stabilization and variation of lasers and 
light sources; Column 6-change of geometric parameters (sizes and trajectories); row 1-changing 

the trajectory of discharges; 2-changing of contraction; 3-acoustic turbulence; 4-stop soliton; 
Column 7-implementation of new types of devices and processes based on acoustoplasma; row 1-
development and manufacture of measuring equipment and modernization of the existing one; 2-
power sources for acoustoplasma devices; 3-acoustoplasma light sources; 4-acoustoplasma lasers; 

5-acoustoplasma magnetrons; 6-acoustoplasma accelerators; 7-acoustoplasma controlling in 
plasma chemistry. 

Fig.1 - Parameters and processes in the acoustoplasmа studied in the 
laboratory  
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Fig.2 - The dependence of τ: a) on the constant component of the discharge 

current I0; P0 = 200torr; I (~) = 3 mA; b) the variable component of the discharge 
current I (~) P0 = 200torr; I0 = 30 mA 

 

 
 

Fig.3 - Diagram of phase transitions. The regions of existence of phase 
transitions are shaded as slanting lines 

 
Each of the rectangles in Fig. 1 contains a rather large amount of 

information. For example, in Column 3 row 3, the effect of acoustoplasma memory 
is obtained.  
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Fig. 2 shows the dependence of the relaxation time τ of the argon 
acoustoplasma to the plasma state without an acoustic perturbation after switching 
off the variable component of the discharge current. 

Fig. 3 shows diagrams of phase transitions (PT) for different cases. The 
abscissa represents the values of the internal energy of the substance in relative 
units. On the ordinate axis: PSM - the phase state of the substance in the standard 
representation (UST- ultra small temperatures); Т-РТ - thermodynamic phase 
transitions;  (Berezisky-Kosterlitz-Thouless phase transitions) /4/ - BKT-PT - 
topological phase transitions (Nobel Prize in 2016); AP-PT - acoustoplasma phase 
transitions /5/. 
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Methods of plasma coating in an electrostatic field have the advantages of 

easy regulation, possible automation, high efficiency, uniform coating thickness, 

low substrate wall thickness, and various possible substrate materials /1/. 

The object of the study is the process of charging a polydisperse powder-

gas mixture in the electrostatic field of the corona discharge. 

In the coating process, the powder particles enter the corona discharge 

region, where ionization of the air by electrons takes place (corona case). Free 

ions are deposited on the powder particles and impart the charge to them. 

Powder particles are acted upon by aerodynamic force, electrostatic force and 

gravity. Under the action of these forces, the powder particles are moved and 

deposited on a grounded surface (outer corona discharge region). The general 

equation of motion for the particles can be written as /2/: 

 ( ) , ,
p

d p g e p

u x
F u u F F u

t t

 
    

 
 (1) 

where ( )d pF u u  is the drag force, gF  is the gravity force, 
eF  is the electric 

force, pu  is the particle velocity (disperse phase), u  is the air velocity (gas 

phase). The electric force on a charged particle can be given by /3/: 
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where 
Pq E  is the Coulomb force and 
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a
 is the image force. 

Pq  is the 

particle charge and a  is the spacing between the particle and the target. 

The image force gives a significant contribution to the electric force only 

when particles are near the target. 

It is usually assumed that the particles are approximately spherical /4/. The 

typical value for the average particle diameter is from 30 to 40 μm. 

To estimate the charge acquired by the spherical particle, Kaptsov /5/ used 

the Pauthenier and Moreau-Hanot model. According to this model, the limiting 

charge acquired by the particle is estimated as: 
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where E is the electric field strength at the point of particle charging, r is the 

particle radius, ε is the dielectric constant of the particle. 

According to this estimate, the maximum specific space charge is in the 

range from –1×10
-3

 to –2×10
-3

 C/kg. 

The main assumption when calculating the characteristics of the corona 

discharge is the neglect of the processes occurring in the corona discharge case. 

Because the corona cover has a small size compared to the outer region. 

When calculating the outer corona discharge region, the processes are 

regarded as stationary and continuous in space. 

The system of equations describing the distribution of the field strength and 

space charge in the outer region of the corona discharge: 
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,
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,

divE
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j bE Dgrad
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  (4) 

where E  is the electric field strength vector,   is the electric potential, j  is the 

current density vector,   is the space charge density, b  is the ion mobility, D  is 

the electric displacement vector. 

In the presence of space charges, equation 1 of the system (4) is 

transformed into the Poisson equation: 

 
0

.





    (5) 

If there are no space charges, equation 1 of the system (4) is transformed 

into the Laplace equation: 

 0.   (6) 

To solve the system of equations, the following boundary conditions are 

given: 

1. The potential of the corona electrode is equal to the applied voltage; 

2. The potential of a grounded plate is zero; 

3. The electric field strength at the surface of the corona electrode is equal 

to the initial intensity Е0 and does not depend on the intensity of the corona 

discharge. 

For coating, we used a spray gun "START-50" (Fig. 1). Air and powder 

particles flow through the annular shaped exit 3 of a 15 mm diameter ring. 

Further, the air-powder mixture moves along the surface of the deflector 2, 

which is a tubular cylindrical body with a diameter of 5 mm, ending with a flat 

circular disc of 25 mm in diameter. The thin needle, called the corona electrode 

1, is installed in the center of the disk to charge the powder particles. 

We solved the two-dimensional task of the distribution of the electrostatic 

Plasma Physics and Plasma Technology 9____________________________________________________________________________

104



field in a rectangular area 50×100 cm between the corona electrode and a 

grounded plate 50 cm long and 25 mm thick. The plate is located at a distance of 

25 cm from the corona electrode. 

  
Fig. 1 – The corona spray gun: 1 is 

corona electrode, 2 is spray nozzle 

(deflector), 3 is annular shaped exit, 4 is 

sprayer channel 

Fig. 2 – Scheme of the calculation 

area with the assumptions and the 

boundary conditions 

In the model, we used the following boundary conditions: 

1. The corona electrode potential φ1 = –30 кВ; 

2. The grounded plate potential φ2 = 0 кВ; 

3. The electric field strength at the surface of the corona electrode is equal to the 

initial intensity Е0. 
The assumptions made in the model: 

1. The corona electrode is represented by a hemispherical rod with a 

diameter of 0.5 mm (Fig. 2); 

2. The ionization region (corona discharge) where the powder particles are 

charged is considered to be a spherical region at the end of the rod, with a radius 

three times the radius of the corona electrode. This assumption was based on 

photographs of the glowing area of the corona electrode. 

Fig. 3 shows the simulation results. The region of high potential of the 

space charge field with a maximum value of –30 kV is located close to the 

corona electrode; hence, an ellipsoidal shape of the electric field lines around the 

electrode is formed. 

Fig. 3a shows the distribution of the electrostatic potential in the absence of 

space charges, Fig. 3b in the presence of space charges. It is seen that the 

presence of charged particles in the flow region changes the electric field. The 

effect of space charge is to increase the field near the plate and reduce it near the 

corona discharge region. 

It should be noted that the effect of reverse ionization, which does not 

adversely affect the quality of the coating, was not considered in this model. 

Fig. 4 shows the distribution of the electrostatic potential along the axis of 

the corona electrode to the surface of the plate. 
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Fig. 3 – Distribution of electrostatic potential: a) absence of space charges, b) 

presence of space charges 

 
Fig. 4 – Distribution of the electrostatic potential along the axis of the corona 

electrode 

References 

 

1. Fazlyyyakhmatov M.G., Kashapov N.F. High Temperature Material 

Processes, 18(4) (2014) 257–263. 

2. Ye Q., Domnick J. Powder Technology, 135–136 (2003) 250–260. 

3. Ye Q., Steigleder T., Scheibe A., Domnick J. Journal of Electrostatics, 54 

(2002) 189–205. 

4. Bailey, A.G. Journal of Electrostatics, 45(2) (1998) 85–120. 

5. Kaptsov N.A. Corona Discharge and its Application in the electrofilters. 

Moscow: State-Publishing House of Technical and Theoretical Literature 

(1947). 

Plasma Physics and Plasma Technology 9____________________________________________________________________________

106



STUDY OF ADDITIONAL HEATING OF HELIUM ARC PLASMA AT 
ATMOSPHERIC PRESSURE BY MILLISECOND-LONG ELECTRIC 

CURRENT IMPULSE 
 

V. F. Chinnov, D. I. Kavyrshin, M. A. Sargsyan, A. V. Efimov 
 

Joint Institute for High Temperatures of the Russian Academy of Sciences (JIHT RAS) 
125412, Izhorskaya st. 13 Bd.2,Moscow, Russia, dimakav@rambler.ru 

 
The need for impulse heating of helium arc plasma at atmospheric 

pressure to reach electron temperatures above 3.5 eV rises from high transport 
coefficients of the plasma. Helium thermal conductivity grows rapidly as its 
temperature increases making it necessary to input more energy to plasma in 
order to heat it further. Stationary operation of plasmatron at such high load is 
impossible due to its materials not being able to withstand the heat stress and 
eroding quickly. The problem of heating the gas with a current pulse when the 
energy stored in capacitors is discharged rises from the fact that only a small 
fraction of the energy stored in the capacitors is expended on heating the arc 
plasma /1/ because the resistance of the external circuit starts to exceed the 
resistance of the discharge gap, at the resistance of the discharge gap drops as 
the current in it increases. In order to consider plasma heating as quasistationary, 
the time of the heating pulse should exceed the characteristic times of 
establishment of the stationary states for electron heating, stepwise excitation, 
and ionization of the plasma. Due to high mobility of electrons, their 
temperature Te practically "tracks" the current changes in the arc: the electronic 
subsystem is in thermal quasiequilibrium with the energy flow supplied to the 
arc. However, equilibrium establishment times in the atomic and ionic 
subsystems in the range of 3÷4 eV (which is the region of interest to us) exceed 
by several orders of magnitude establishment time of Te. The greatest among 
these times are the times of the first and second ionization. Performed 
estimations of these times have shown that in order to accomplish the 
experimental task it will be sufficient to provide electric pulse with duration of 
about 1 ms with an energy of 1÷2 kJ.  

Specific impulse problems were associated with the occurrence of a 
"double arc" when a breakdown occurred outside the plasma torch channel. At 
the same time, the voltage on the arc dropped sharply, and the arc itself was not 
blown through the nozzle into the expanding channel of the plasma torch, and 
after the pulse passed the discharge did not return to the initial stationary state (it 
broke off and got extinguished). This problem was solved by spraying the 
insulating layer of aluminum oxide on the cathode and the nozzle (so that the 
discharge wouldn’t be able to form anywhere but in the discharge channel). 
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Thus, the most important technical task of the project was to find the 
optimal pulse conditions that would ensure the necessary "heating" of the 
electronic component and avoid electro-and gas-dynamic "disruption" of the 
discharge. To generate the pulse, a power supply was used, which consists of 20 
capacitors 100 μF each connected in parallel. The source made it possible to 
apply voltage pulses up to 5 kV to the discharge gap. By varying the parameters 
of pulsed power supply, the geometry of the plasma torch, the flow regime of 
gas, etc., we were able to achieve stable arc operation with pulse current 
amplitude up to 2.5 kA and obtain a nearly bell-shaped pulse shape with a width 
of 1-2 ms /2/. The impulse is superimposed on a stationary burning helium arc 
with current strength of 200 A. In this experiment, it was possible to effectively 
control only the source current. It completely determines the arc burning mode 
and all its properties, and knowing the dependence of the thermal conductivity 
and electrical conductivity on temperature, and also the temperature dependence 
on the supplied power, it is possible to estimate all the main characteristics of 
the discharge within the “channel model” /3/ as a function of the arc current. 

The arc zone at a distance of 1 mm from the tip of a tungsten cathode was 
observed by the methods of optical emission spectroscopy in the wavelength 
range 200-1100 nm, the observation was carried out through a quartz glass 
viewing window in the wall of the plasma torch nozzle. The spectrum was 
recorded using instruments with high-spatial (30-50 μm) and temporal (5-50 μs) 
resolution: the DFS-452 spectrograph whith the Andor iStar low-exposition 
ICCD camera at the output. The entrance slit of the DFS-452 spectrograph was 
set to be narrow and was, as a rule, 20-25 μm, at a pixel size of 25 μm. As a 
result, the instrumental response function of the system was δapp ≈ 0.3 Å, which 
made it possible to resolve the contours of helium lines, the characteristic widths 
of which in the investigated mode are of the order of 1 Å and more. 

Arc current and voltage measurements were made using the Tektronix 
TPS-2014B oscilloscope in combination with the Rogowski coil and a shunt 
with known and temperature-independent resistance, the obtained oscillogram of 
the arc current is shown in Fig. 1. Temporal variations of the plasma parameters 
during the pulse are also shown in this figure: the triangles show the relative 
emission intensities of the atomic and ion spectral lines and the curve shows 
electron temperature Te determined using these lines by the relative intensity 
method /4/. As a result of superimposing a current pulse in 2000A, when the 
capacitor bank was charged to 1 kV, it was possible to heat the plasma by 
0.7 eV, from 3.0 to 3.7 eV. 

The contours of atomic helium He I lines are formed mainly due to the 
quadratic Stark effect, the broadening constants for which is well known /5/. 
This allowed us to determine from the basis of the entire set of He I lines 
observed in the experiment the time dependences of the electron density ne 
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during the pulse in the near-cathode region. In the stationary arc burning mode 
at Te ≈ 3 eV, the measured ne was close to the equilibrium value and amounted 
to ne ≈ 9·1016 cm-3, but during the pulse it reached ne ≈ 15·1016 cm-3, which is 1.5 
times higher than the calculated equilibrium value, that indicates a jump in 
pressure in the arc during the pulse. We note that ne reaches its maximum at 
atmospheric pressure at Te ≈ 2.2 eV and, with further heating, falls due to 
isobaric expansion. 
 

Fig. 1 – Changes in the characteristics of the discharge and plasma during pulse 
heating of the stationary arc plasma with a current of 200 A 

 
In order to answer the question about which processes are the most 

important for the plasma object under investigation, we wrote balance equations 
for the energy (1) and electrons (2) in the arc: 
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where τ is the time, E is the electric field strength, j is the current density, v  is 
the average velocity of the thermal motion of the diffusing fraction, λ  is the 
mean free path, I is the ionization potential of helium, Tg is the gas temperature 
(the temperature of the heavy particles), me is the mass of the electron, M is the 
mass of the gas atom, vei is the electron-ion collision frequency, k is the 
Boltzmann constant, n1 is the concentration of atoms, n+ is the ion concentration, 
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β is the ionization constant, α is the recombination constant, and Da is the 
ambipolar diffusion coefficient. The first term on the right-hand side of 
equation (1) describes the power supplied by the electric field to the arc and is of 
the order of ~ 106 W/cm3. Then follows the processes of energy utilization: 
diffusion losses ~ 105 W/cm3, elastic losses ~106 W/cm3 and radiant losses 
Qrad ~104 W/cm3. Thus, the bulk of the energy supplied is expended in elastic 
processes, the contribution of radiation is insignificant. It is important to note 
that the experimentally determined value of the derivative ~ 105 W/cm3 on the 
left-hand side of equation (1) is small in comparison with the principal terms on 
the right-hand side, which is a confirmation of the quasistationary nature of the 
heating process. Knowing all the terms of the energy balance equation, one can 
estimate the difference between the electron temperature and the gas 
temperature during the pulse. It turned out to be approximately equal to 6000 K, 
which is less than 20% of the absolute value of temperature, from which it can 
be concluded that the plasma under investigation is close to isothermal. 
 On the right-hand side of the electron balance equation (2) there are the 
following terms: the ionization rate by electron impact is ~ 1022 1/cm3s, the rate 
of three-body recombination is ~ 1021 1/cm3s, the rate of ambipolar diffusion of 
charges to the channel wall of the plasma torch is ~ 1022 1/cm3s. Thus, under the 
conditions of this experiment, the ionization process is balanced by a process of 
ambipolar diffusion, but not by recombination. Aligning the time of ionization τi 
and ambipolar diffusion τD, we obtain τi = 1/ne β ≈ τD=r2/5.8Da ≈ 100 μs, which 
is more than an order of magnitude shorter than the pulse time, which again 
confirms the quasistationary condition of plasma heating. 
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1. Introduction 

Despite the long history of studies of gas-discharge plasma, in recent years 
there has been a new surge in the intensive research of its characteristics and the 
search of ways to control them in order to achieve the optimum properties used 
in practice. This is due to the fact that the gas-discharge plasma has found a 
wide range of applications at pressures on the order of atmospheric, which 
allows us to abandon the use of vacuum technology. Typically, for this purpose, 
discharges initiated AC voltage applied to the electrodes in a different frequency 
range. However, in practice it is difficult to achieve independent control and 
optimization of plasma parameters, initiating it with a single-frequency power 
supply.  

Recently, many scientific groups have begun exploring potential for 
applications of dual frequency discharge plasmas to mitigate the fore mentioned 
problems /1-4/. Among which, as an effective method to generate and optimize 
CAP, the dual radio-frequency (RF) driven dielectric barrier discharge (DBD) 
with two independent power excitation sources has attracted rapidly growing 
attention by enabling independent control of plasma parameters and 
optimization of the discharge for various applications based on the nonlinear 
frequency coupling effect. However, applications based studies still lack the 
depth in the theoretical understanding of such discharges which would enable 
users to alter process parameters in the system to deterministically tailor the 
resulting plasma parameters. This is largely because the physical and chemical 
properties critically depend on the dynamics of power dissipation and electron 
heating mechanisms, whereby the plasma parameters are highly susceptible and 
influenced primarily by instabilities, mode transitions and associated electron 
heating variations in the plasma bulk and sheath. It is therefore necessary to gain 
insight into the electron heating mechanisms in such atmospheric pressure DBD 
system to bridge the gap in theoretical understanding for specific and targeted 
application-focused studies.  
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The role of frequency coupling in the dynamics of plasma ionization and 
associated mode transitions of atmospheric pressure DBD system are 
investigated in this work by numerical one-dimensional fluid simulation model.  

 

2. Numerical simulation 
The governing equations include the continuity equation of electrons, ions, 

and neutrals using the drift-diffusion approximation, Poisson’s equation and the 
conservation of electron energy. A detailed description of the set of equations 
and associated conditions as utilized in this work can be found in work  and the 
references of it. 

In this work, a DBD system is considered whereby the plasma is 
generated between two planar parallel electrodes, and each electrode is covered 
by an insulating material layer with dielectric constant 4=ε . The distance 
between two insulating layers is fixed at d = 1 mm. One electrode is grounded, 
and the other has an applied dual frequency sinusoidal voltage excitation of   

)2cos()2cos( tfVtfVV HHLL ππ += . Here, V is the applied voltage signal, , , 
and  are the voltage amplitudes and frequencies of the low and high 

frequency components respectively. According to previous work from various 
groups involving dual frequency systems /5/, it is found that dual frequency 
systems with parameters 

LV HV

Lf Hf

1.0/ <HL ff  allows for easier observation of the 
synergistic coupling effect resulting from the dual applied frequencies. Hence 
we applied similar operational conditions in our work with a low frequency 
component of = 1 MHz and a high frequency component of  = 10 MHz. In 
this work, we set the total peak voltage at a constant value of V

Lf Hf

total = 1500 V, and 
varied the low frequency amplitudes from 100 to 1400 V to study its effect on 
mode transition and associated electron heating mechanisms. The working gas 
employed in this work is pure argon which comprises the most elementary of 
plasma chemistry dynamics, including five species - neutral argon (Ar), three 
effective excited atomic levels: metastable , resonant  and effective 
excited ; two effective excimer levels  and  and three kinds of 
positive ions ,  and and electrons (e

Arm Ar r

*Ar *
2Ar **

2Ar
Ar+ 2Ar+ 3Ar+ -). The details of the transport 

coefficients and chemical reactions can be found in /6/. 
 

3. Results and discussion. 
Fig. 1 shows the time averaged electron density ( ) in the plasma bulk, time 
and space averaged electron power absorption (

en
Eje ⋅ ) as a function of the 

applied low frequency voltage amplitude. From the figure we can see the time 
averaged total electron production rate has a mild decrement through the 
variation of the low frequency voltage ratio (  =100–700 V and 1000-1400 V), 
and mild increment through the variation of the low frequency voltage ratio 
( =700–1000 V).  

LV

LV
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Fig. 1 –  Plot of the time averaged electron density ( ) in the plasma bulk, time 

and space averaged electron power absorption (
en
Eje ⋅ ) as a function of the 

applied low frequency voltage amplitude 
 

 
Fig. 2 –  Spatio-temporal profiles of electron density with varied low frequency 

component in the applied voltage ratio in an Ar based atmospheric pressure 
dual-frequency DBD system 

 
In other words, at a value of 1000 V there is a maximum of the time averaged 
electron density. Meanwhile, as the contribution due to the low frequency 
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component in the discharge increases, the sheath motion exhibits faster 
oscillations. Fig. 2 shows spatio-temporal profiles of electron density with 
varied low frequency component in the applied voltage ratio in an Ar based 
atmospheric pressure dual-frequency DBD system. 
 
4. Conclusions.  

In summary, in this letter a 1D fluid model has been used to investigate the 
electron heating mechanisms in a dual frequency atmospheric pressure DBD. 
We set the total voltage as constant and varied the low frequency component 
ratio to show that the electrons are mainly heated by the high frequency 
component in the plasma bulk, and the low frequency component in the sheath 
due to the sheath motion when the discharge parameters is dominantly 
controlled by the low frequency component. 

We therefore demonstrate potential for independent control of discharge 
parameters such as electron density and electron energy to a certain extent via 
non-linear synergistic effect between the two frequencies 
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1. Introduction 

Plasma spraying, one of the most widely used industrial applications based 

on thermal plasmas, is commonly employed to provide coatings for protection of 

materials against wear, erosion, corrosion, and thermal loads /1-4/. Despite its 

versatility, the limited reproducibility of the processes is a major limitation for 

its wider application. A major factor for this limited reproducibility is the lack of 

understanding and control of the dynamics of the arc inside the spraying torch. 

 A long operation life of a plasma torch is directly related to that of its 

heavy-duty elements, in particular, electrodes. The thermal state of the surface 

and the magnitude and character of erosion of thermionic cathodes in high-

current plasma torches determine their performance characteristics and working 

life. The interacting system of electrode and near-cathode plasma is a 

complicated object of investigation that is characterized by strong 

spatiotemporal inhomogeneity. Inhomogeneous temperature fields on the 

surface of thermionic cathodes can lead to the appearance of local overheated 

zones, evaporation of the cathode material, its cracking and fracture, and a 

number of other processes and phenomena determining the working life of 

cathodes.  

For these reasons, spatiotemporal analysis of temperature fields on the 

surface of cathodes generating high-current electric arcs is a topical task. 

Numerous investigations have been devoted to determination and optimization 

of plasma torch characteristics. However, despite the considerable progress that 

has been made in modeling direct-current plasma torches /4–6/, the temperatures 

of the inner surfaces of plasma torch electrodes are still typically set to be 

constant and their inhomogeneous heating due to processes at the boundary of 

arc plasma is ignored. 

The present work is devoted to numerical simulation of self-conjugate heat 

transfer between electrodes and an arc in a dc plasma torch. 
 

2. Model 

By applying axisymmetric conditions, the DC plasma torch is modeled as 

a 2D region. The model was based on the system of Navier–Stokes equations 

(including the equation of continuity, equations of motion, and equation of heat 
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transfer in the plasma jet) supplemented by the system of Maxwell equations for 

the electric and magnetic fields, the differential Ohm’s law, and the equations of 

heat balance in a metal cathode and anode /7/: 
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Here,  , с , a  are the densities of the gas and the cathode and anode materials, 

respectively; t is the time; V


 is the velocity vector; B


 is the magnetic-induction 

vector; P  is the gas pressure;   is the dynamic viscosity; pc , сpc , , apc ,  are the 

heat capacities of the gas, cathode, and anode, respectively, at constant pressure; 

T , сT , aT  are temperatures in the plasma channel, cathode, and anode, 

respectively; E


 is the electric-field strength;  , с , a  are the thermal 

conductivities of the gas and the cathode and anode materials, respectively;   is 

the specific electric conductivity;   is the electric potential; A


 is the vector 

potential of the magnetic field; 0  is the magnetic permittivity of vacuum; j


 is 

the total current density; Bk  is the Boltzmann constant; e is the electron charge; 

and radQ  is the temperature-dependent specific radiation power.  The 

computational region consisted of three domains: cathode, anode, and plasma 

channel. Boundary conditions are presented in Table 1.  

 

Table 1. Boundary conditions 

Entrance of plasma channel 
0TT  ,   mdSdnV bc 




 , 0nj


, 0 nA


; 

Cathode working surface 
cTT  , 0V


, 0 nA


, (6); 

Anode working surface 
3TT  , 0V


, 0 nA


, (7); 

Outer boundaries of plasma 

channel 
0T , 0PP   0nj


, 0 nA


; 

Outer boundaries of cathode and 

anode 0TT  , 0IdSnj

с





, 0

a
 . 

Let us consider in more detail the boundary conditions at interfaces 

between the arc plasma and electrodes /7/.  
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1. The boundary between the arc plasma and anode obeys the following 

condition /5/: 

      4)()( TnjnTnT Baplasmaanodeaa  


,   (6) 

which shows that the normal flux of heat to the anode includes components due 

to the heat conductance from plasma, electron bombardment, and cooling by 

radiation from a solid. Here, a  is the electron work function of a metal anode 

and B  is the Stephan– Boltzmann constant.  

2. The normal discontinuity of heat flux at the boundary between arc plasma and 

cathode is described taking into account the heat transfer from the arc to the 

cathode, heating by ion flux, and cooling by thermoelectron emission and 

radiation from solid according to the Stephan–Boltzmann law: 

      4)()( TjjnTnT Bceiiplasmacathodecc  


,   (7) 

Here, i  the ionization potential of the buffer gas, c  is  the effective work 

function of the cathode material and  ij  and ej  are the ion and electron currents, 

respectively, defined as 
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(8) 

where rA   is the Richardson–Dushman constant and e  is the effective work 

function of thermoelectron emission. Numerical experiments were performed 

with an F4 Metco dc plasma torch with tungsten cathode, copper anode, and 

argon as the working gas. 

 

3. Results and discussion. 

Fig. 1 presents the fields of temperature and plasma-jet velocity (in the 

arc-plasma channel and near the cathode and anode) at t = 1 s in a plasma torch 

for a plasma-forming gas-consumption rate of 2 g/s and arc-discharge current of 

300 A. It can be seen that the gas temperature in the plasma channel reaches up 

to 25000 K and the working surface temperature of the tungsten cathode exceeds 

its melting point and reaches a level of about 4000 K, while the copper-anode 

surface temperature at the arc spot is slightly above 500 K.  In concluding, we 

have formulated a model of a dc plasma torch with allowance for the self-

consistent heating of electrodes.  

 

4. Conclusions.  

A DC plasma torch has been modeled and simulated by developing a 2D 

axisymmetric model of laminar flow and heat transfer coupled to 

electromagnetic fields. In order to solve the partial differential equations of 

electric currents and magnetic fields, both in the gas than in the anode region, 

we have contemplated appropriate boundary conditions in the modeling work. 
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Lorentz forces and Joule heating effects have been modeled, coupled to the 

physical model of the plasma torch and finally computed. The results of 

numerical model calculations showed for the first time that the temperature of 

the working cathode surface exceeds the melting temperature of cathode 

material (tungsten). The results can be used in investigations of the erosion of 

electrodes in modern plasma torches. 

 
Fig. 1 – Distributions of temperature fields (left) and plasma-jet velocity (right) 

in plasma torch operating at an arc discharge current of 350 A 
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Inductively coupled plasma (ICP) sources are widely used in the 
technologies of plasma chemical etching and deposition for low-temperature 
high-density plasma generation at pressures of 0.05-10 Pa. It is possible to 
improve plasma treatment uniformity by simultaneous decrease in the operating 
pressure and increase in the surface being treated by means of ICP source’s 
antenna system geometry, constant gas supply into plasma generation area, and 
also by means of an external constant magnetic field in a process reactor. In this 
work it is introduced a research of the influence of a constant magnetic field 
distribution in a plasma treatment process reactor on the basis of a flat ICP 
source 200 mm in diameter with a four-spiral helical antenna system, having a 
discharge gap 55 cm in length, on plasma concentration distribution; a magnetic 
trap configuration wherein plasma uniformity improves from ±37% to ±24% at a 
distance of 120 mm from a plasma source was determined. 

As was shown in the work /1/ a constant magnetic field has an influence on 
the operating pressure and the ICP source’s plasma concentration. To determine 
the influence of a constant magnetic field on the ICP source’s plasma 
concentration distribution in a vacuum plant «UVN-630» a stand for measuring 
plasma concentration distribution over the ICP source’s surface at different 
distances to a plasma source and different magnetic trap configurations was 
assembled. The measuring stand design is shown in Fig. 1. To measure plasma 
parameters a single cylindrical Langmuir probe with RF compensation of space 
charge oscillations was used, a detailed description of this measuring technique 
is introduced in the work /2/. The measuring probe was fixed on a scanning 
system, which ensured its movement parallel to the surface of plasma source 
antenna system. The distance from the plasma source surface to the probe cone 
scanning surface was: 120 mm, 75 mm and 25 mm, scanning amplitude – 
115 mm from the source’s axis. A negative bias of 30 V was applied to the 
probe, ion saturation current was recorded by a micro-ammeter. 
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Fig. 1 – Allocation scheme of the devices in the chamber of the vacuum plant 

«UVN-630» 
 

Fig. 2 represents distribution of ion saturation current on a measuring probe 
depending on the distance to the process reactor axis – the distance from the ICP 
source antenna system surface to the probe: 120 mm, 75 mm, 25 mm, pressure – 
6 Pa, RF power – 600 W, solenoids are disabled. The graph was constructed 
from the central axis of the ion source. 

All the graphs represent maximum ion saturation current, and, 
consequently, plasma concentration locates on the source’s axis and falls to its 
edge, what is caused by the diffusion of charged particles from the plasma 
formation area as a result of their chaotic motion. In order to reduce this effect, 
it is possible to use magnetic traps of different configurations. In the considered 
case for the magnetic field formation two solenoids situated behind the ICP 
source were used (see Fig. 1). Such an arrangement was chosen due to the 
necessity to use the obtained results in a vacuum plant of the chosen type. 

Magnetic field distribution was calculated by finite elements method with 
the help of program complex COMSOL Multiphysics. Fig. 3 represents a 
magnetic trap at the current of the lower solenoid equal to 1568 А×turns, and at 
the current of the upper solenoid - 700 А×turns. We can see an area with zero 
magnetic field induction on the source’s axis, the distance of which from the 
antenna system surface will be used to describe a magnetic trap and indicated by 
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H (H=0 mm for this particular case). Table 1 represents main traps 
configurations where plasma concentration was measured. 

 
1 – 120 mm; 2 –75 mm; 3 –25 mm 

Fig. 2 – Distribution of ion saturation current on a measuring probe for different 
distances from the ICP source antenna system surface to the probe 

 
Table 1 – Experimental results 
 
 Ion saturation current uniformity, 

± % 
Distance probe-
plasma source, 

mm 

Magnetic trap 

№  D220 D200 D150   
1 43 37 24 120 without a magnetic field
2 30 26 14 75 without a magnetic field
3 56 48 26 25 without a magnetic field
4 70 61 34 120 B=0,1-0,3 mT; H = ∞ (2)
5 58 55 42 120 B=0,05-0,2 mT; H = 50 mm (5)
6  35 28 16 120 B=0,2-0,5 mT; H = 25 mm (6)
7 44 38 23 120 B=0,2-0,8 mT; H = -30 mm (11)
8 42 38 24 120 B=0,2-0,4 mT; H = 80-120 mm (12)
9 31 24 12 120 B=0,5-1,5 mT; H = 0 mm (21)
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Fig. 3 – Magnetic field distribution in the chamber. Experiment 9 in the table 

 

 
1 – line 9, 2 –line 7, 3 – line 4, in the table 1 

Fig. 4 – Ion saturation current distribution on the probe 
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From the obtained dependencies of the probe ion saturation current density 
distribution we can see that the maximum plasma concentration locates over the 
center of the ICP source’s antenna system. The most uniform is plasma 
distribution situated at the distance approximate to the middle distance between 
the antenna system and the process reactor wall parallel to it. 

An introduction of an additional constant magnetic field allows to control 
the size of the uniform plasma distribution area. So the creation of the magnetic 
field gradient, where magnetic induction has minimum on the antenna system 
axis and increases to its edges, allows to increase the uniformity of plasma 
concentration distribution from 43 % to 31-35 % (experiments 6, 9 in the table 
1). The best uniformity is obtained when a magnetic field increases at a distance 
from plasma source antenna system surface to the measuring plane with 0,01-
0,05 mT до 0,7-0,9 mT (experiment 9 in the table 1). And if the gradient change 
is of the opposite character the plasma concentration distribution uniformity 
goes down (experiment 5 in the table 1). 

A uniform distribution of a magnetic field with the induction lower than 
0,8 mT doesn’t make significant changes in the distribution of plasma 
concentration generated by the ICP source, the change in plasma concentration 
distribution doesn’t exceed 1% (experiments 7,8 in the table 1). Fields with the 
induction higher than 0,1 mT have a significant influence over plasma 
concentration distribution - deterioration of uniformity from 43% to 70 % in the 
experiment 4, table 1. 
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Despite the importance of pulsed plasma jets for different applications 
(nuclear fusion, propulsion, neutron generator and ion source), the effect of 
multiple-jet interactions remains poorly understood. Numerical simulation for 
interaction of pulsed plasma jets generated by atmospheric capillary discharge is 
presented. The plasma source is based on a plasma jet established at the end of a 
capillary discharge at atmospheric pressure. Interaction between the pulsed 
plasma jets and the shock wave/contact boundary layer is analyzed. Note that 
the plasma jet for magneto-inertial fusion must be created in a vacuum 
environment. Preliminary results on an array of pulsed capillary discharges are 
presented. Main properties of capillary discharge plasma are discussed. 

 
Introduction. 
 
 A capillary discharge with an evaporating wall (CDEW) has been widely 
investigated /1-7/. It is well known /8, 9/, that upon expiration of a supersonic 
jet, including CDEW jet formed complex flow structure: in the external flow (or 
submerged space) and inside the jet appear hanging barrel-shaped compression 
leaps, waves of rarefaction appear inside the jet, and at the outer boundary of the 
jet, an expanding mixing layer is formed. Issues "pulse" and "stationary" 
expiration gas and dense plasma in a gaseous medium devoted a significant 
amount of work, both theoretical and experimental /8, 9/.  
 
Analysis of the flow of a single pulse jet 

 
 Regimes of plasma jet outflow of capillary discharge with evaporating 
wall have been modeled /4, 6, 7/. The calculation area, when carrying out two-
dimensional calculations in the coordinate system ,r z  and ,ξ η , was a rectangle. 
At the bottom of the figure is the outlet section of the capillary discharge 
channel. Through this flat surface, the erosive flow of plasma-forming 
substances flows into the calculated zone. From above it was bounded by a 
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straight line on which non-perturbing conditions are imposed on the outgoing 

flow from the calculated region: 
2

2 0,
n

f
x

∂
=

∂

r

where { }, , v,f u eρ=
r

and nx  is the 

coordinate normal to the boundary surface. The spatial position of this straight 
line is determined from the condition that the perturbations of the numerical 
solution arising at the upper boundary of the calculated region from the outgoing 
flow do not distort the flow near the cutoff of the capillary discharge channel. 
On the right-hand side, the integration region is limited by the symmetry axis, 
on which the corresponding symmetry conditions for the plasma flow of the 
capillary discharge are given. On the left side there is a surface that is 
sufficiently far from the axis of symmetry, so that it can be given boundary 
conditions corresponding to the conditions at infinity in the unperturbed gaseous 
medium. 

 

   
(a)         (b) 

Fig. 1 –  Spatial distribution of the temperature (a) and Mach number (b) in the 
pulsed jet of the capillary discharge: 1 – the region of the accelerating vortex 

  
 

Figs. 1-4 show two-dimensional spatial distributions of temperature, Mach 
number, pressure, and longitudinal velocity at time t = 29.2 μs for W0 = 2.7 kJ, 

10kd =  mm, 1P∞ =  atm 
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       (a)         (b) 

 
Fig. 2 – Spatial distribution of the pressure (a) and longitudinal velocity (b) in 

the pulsed CDEW jet 
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Fig. 3 – Radial distribution of density and temperature in a pulsed jet of a 
capillary discharge (passing through the center of the accelerating vortex) 
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Fig. 4 –  Longitudinal distribution of pressure and temperature in a pulsed jet of 
a capillary discharge (passing through the axis of symmetry of the plasma 

formation) 
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Non-equilibrium  discharge  plasmas  generated  in  water  vapor,  humid  

air  and  other  H2O-containing mixtures  are  important  for  atmospheric  
electricity  and  discharge applications. Water vapor plasmas are used in 
technology, with applications ranging from air purification to plasma medicine. 
Water vapor formation during plasma-assisted fuel oxidation also affects plasma 
properties in combustible mixtures /1/. Non-equilibrium discharge plasmas 
generated in gaseous hydrocarbons play an important role in plasma chemical 
film deposition and synthetic diamond deposition. Electron recombination with 
hydrocarbon ions is an important mechanism for electron loss and for 
chemically active species production in plasma-assisted ignition and 
combustion. 

To simulate plasma properties, the rate coefficients for elementary 
reactions, including the processes controlling the production and the loss of 
charged particles, are required. Available data on the rate constants for 
recombination and ion conversion processes in water vapor and hydrocarbon 
plasmas are not complete /2/. Some rate constants vary greatly with increasing 
gas temperature. Therefore, it is important to study plasma properties at elevated 
temperatures in order to obtain information about the rates of elementary 
reactions with water vapor and hydrocarbon ions. 

In this work, the plasma decay was experimentally studied in CH4, C2H6, 
C3H8 and O2:H2O and N2:H2O mixtures for gas pressures 1-7 Torr and gas 
temperatures 300-630 K. The rates of plasma recombination depend on the 
positive ion composition that is dominated by cluster ions for 300 K, whereas 
simple molecular ions are more important at gas heating. The rates of electron 
recombination for cluster ions are an order of magnitude greater than the rates 
for simple molecular ions.  

In this work uniform plasma was generated using a high-voltage 
nanosecond discharge that developed in a gas in the form of a fast ionization 
wave. The discharge was initiated in a quartz tube with an inner diameter of 
42 mm. The high-voltage cone electrode and the grounded ring electrode were 
separated by a distance of 90 cm. The discharge was ignited by 15 kV pulses (in 
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 O2:H2O = 90:10; P = 5.0 Torr, T = 300 K
 O2:H2O = 85:15; P = 3.8 Torr, T = 630 K

the coaxial cable). The pulse full width at half maximum (FWHM) and the pulse 
rise time were 25 ns and 5 ns, respectively. Electron density was measured in the 
middle of the discharge gap during the discharge afterglow using a microwave 
interferometer with a wavelength of 3 mm.  

Nichrome wires were reeled up on the quartz tube to heat the gas in the 
discharge gap. The temperature of the tube surface was measured by a 
thermocouple. The temperature inside the tube was numerically calculated using 
the measured temperature on the discharge surface. The energy deposited during 
the discharge pulse was not enough for additional gas heating, whereas the 
electron energy in the discharge phase was as large as 10 eV. Electrons were 
thermalized in the discharge afterglow. Calculations showed that the time of 
electron thermalization was much shorter than the time of the plasma decay 
under the conditions studied. It may be concluded that the plasma decayed when 
the electron temperature was equal to the gas temperature T. 

Fig. 1 shows the measured time-resolved electron density for O2:H2O 
mixtures for T = 300 and 630 K. In the experiment, the heated plasma decayed 
much slower than did the plasma for room temperature. The time it takes to 
halve the electron density was 0.6 µs for 300 K and 3.7 µs for 630 K. Similar 
observations were obtained in hydrocarbons and N2:H2O mixtures.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
There are three possible reasons for the decrease of the plasma decay rate 

with increasing T. Firstly, the electron-ion recombination coefficient α depends 
on T as α ~ T-0.5. This leads to a decrease in the rate of plasma decay only by a 
factor of 1.4, much smaller than the decrease in the measured rates when T was 
increased from 300 to 630 K. The factor of 1.4 is close to the accuracy of our 
electron density measurements. 

Secondly, cluster ions are formed via three-body conversion reactions 
 

Fig. 1 - Evolution in time of 
electron density during the 

plasma decay 
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 A+ + B + M → A+(B) + M,  
 

whereas other reactions are binary ones. Therefore, the composition of cluster 
ions and the effective recombination coefficient depend on the gas number 
density N that changes with gas temperature and pressure p as N ~ p/T (the 
equation of state for an ideal gas). To demonstrate this effect, Fig. 2 compares 
the effective recombination coefficients for various values of T, whereas the 
values of p were selected such that the values of N were almost the same.  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
The comparison was made for the plasma decay in pure C2H6 and in the 

N2:H2O mixtures. The values of α were determined from the equation  
 
1/ne(t) = 1/ne(0) + αt, 
 

where ne(t) is the measured electron density and ne(0) is its initial value. It 
follows from Fig. 2 that coefficient α is independent of T at N = const for C2H6 
plasma. However, the influence of gas temperature on the value of α is obvious 
in H2O-containing mixtures even at N = const. This is explained by the third 
reason that the plasma decay rate decreases with increasing T. This reason is a 
temperature dependence of the rates for the conversion of simple ions to cluster 
ions. For water vapor ions, this reaction is /3/ 

 
H3O+(H2O)n + H2O + M → H2O+(H2O)n+1 + M.  
 
For instance, the rate coefficient for this reaction at n = 0 is                    

k = 3.2×10-27(300/T)4. To show this, we simulated the plasma decay in H2O-
containing mixtures under the conditions considered using available data on the 
rate constants /3, 4/. A system of balance equations for electrons and ions was 

Fig. 2 - Evolution in time of  
the effective recombination 

coefficient during the plasma 
decay 
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numerically solved in a zero dimensional approximation. Fig. 3 compares the 
calculated electron density histories during the plasma decay in the O2:H2O 
mixture with the measured data. Good agreement is obtained for T = 630 K. 
Calculations show that here the plasma decay is dominated by electron 
recombination with O2

+ ions.  
 
 
 
 
 
 
 
 
 
 

 
 

In summary, it was experimentally observed that an increase in gas 
temperature from 300 to 630 K led to a significant decrease in the rate of plasma 
decay for gas plasma in pure CH4, C2H6, and C3H8, and in O2:H2O and N2:H2O 
mixtures. The effect of gas temperature on the effective recombination 
coefficients in the hydrocarbon plasmas was induced only by the change in the 
composition of cluster ions due to gas number density variation. The effect of 
gas temperature on the effective recombination coefficients in the O2:H2O and 
N2:H2O plasmas was much more profound and was mainly associated with a 
strong temperature dependence of the rates of water cluster ion formation. 
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Fig. 3 - Evolution in time of 
electron density during the 
plasma decay. Solid curve 

corresponds to measurements 
and dash curve corresponds to 
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1. Introduction 

Empiric stationary dependences of the electric current on an applied 

constant voltage I(U) for liquid weakly conductive media were approximated by 

exponential dependences. For slightly ionized gases, such empirical exponential 

dependences are known as Nikuradse’s curves. They are described in /1/, 

alongside with similar curves for weakly conductive liquid dielectrics. In /2/, the 

author analyzes the effect of the prebreakdown electroconvective transport that 

is formed in weakly conductive liquid dielectrics of the spatial charge on their 

conductivity and, hence, on such characteristics. In a strongly ionized plasma 

/3/, the effect both of uniform and nonuniform electric fields on the nonlinearity 

of the volt–ampere characteristics is approximately the same as in strong 

electrolytes. In drastically nonuniform prebreakdown fields both in weakly 

conductive liquids and slightly ionized gases /4/, the most typical among the 

observed prebreakdown deviations of Ohm’s linear law are quadratic. 

Theoretically, the exponential growth in conductivity of slightly ionized 

solid media of a semiconductor type with an increase in the modulus of intensity 

of the electric field up to the magnitude of electric breakdown was justified by 

Frenkel /5/. In /5/, an equation of the Arrhenius type was used for the 

dependence of the volume ionization rate of such media on temperature, taking 

into account a decrease in the potential of ionization of their neutral particles. It 

is noteworthy that, e.g., in /4/, the fairly simple, almost identical algebraic 

Schottky estimates performed earlier were described. For the dissociation 

constant of weakly conductive liquid dielectrics in /6/, its dependence on the 

modulus of the intensity of the electric field in the form of the Frenkel exponent 

was derived, taking into account the decrease in the activation energy of their 

molecules that are partially dissociated. In /7/, using the methods of physical 

kinetics, the author obtained a dependence of the dissociation constant of weak 

electrolytes an analytical and zero Bessel’s function on the modulus of electric 

field intensity of the first order of an imaginary argument (unlike the Frenkel 

exponent, which grows, according to /8/, almost in the same way under 

prebreakdown fields). 

In /8–10/, macroscopic equations were derived, taking into account the 

effect in a general case of these processes on the nonlinearity of the volt–ampere 
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prebreakdown characteristics of weakly conductive liquid dielectrics under 

study. 

In the case of the isothermal regimes implemented for given media in the 

absence of external heating and for weak Joule heating by the field current of the 

plane high-voltage capacitor, Frenkel exponential dependence of volt–ampere 

stationary characteristics on the applied constant voltage theoretically follows 

from the algebraic equation of the stationary law of charge conservation in a 

differential form. In the case of a spherical capacitor from this law, we derived 

in /10/ an ordinary differential equation of the first order for determining the 

stationary distribution of the electric field potential in its interelectrode gap, 

which is filled with a weakly conductive liquid such as transformer oil. 

In /10/, the analytic solution of this differential equation was also obtained. 

Under the condition of the equality of the modulus of the potential difference 

between the capacitor electrodes to the applied constant voltage, it is followed 

by the expected ohmic linearity of the volt–ampere characteristics in the weak 

fields and by its quadraticity in the prebreakdown ones for large interelectrode 

gaps. This theoretic result also agrees well with the prebreakdown empiric 

curves for weakly conductive liquid dielectrics that were obtained 

experimentally by different authors. However, in the case of corona discharge in 

slightly ionized gases /1/, microlevel processes differ markedly from those of 

weakly conductive liquid dielectrics. Nevertheless, the quadratic dependence for 

the gases of the type of the quadratic dependence that we obtained fairly long 

ago for weakly conductive liquid dielectrics /10/ was derived by Townsend /4/, 

though not in the field of spherical but rather elongate cylindrical condensers 

with a filamentous internal corona-forming electrode. The Townsend quadratic 

dependence of I(U) for gases is also frequently supported experimentally, with 

the results described in /4/. 

2. Empiric dependence of prebreakdown characteristic in the corona 

discharge in slightly ionized gases 

The slightly ionized gases, like air, called electronegative /4/ are closest in 

molecular composition and to the type of the prebreakdown dependence I(U), 

particularly in strongly nonuniform fields, which were described in the previous 

section, about a weakly conductive liquid dielectric, because of the partial 

adhesion of their electrons to neutral molecules. Upon the interaction of such 

media with a strongly nonuniform field of high-voltage electrodes with a type of 

pin, blade, high voltage wires, or small-size spheres, a corona glow is observed 

/4/ near these electrodes. In such boundary-layer regions, the electrodynamic 

characteristics depend on free electrons as well as on positive and negative ions. 

In the field of a high-voltage corona-forming cathode, the electrons can enter the 

gas not only through radiation, as they do in weak fields, but also due to the 

different types of electron emission that are thoroughly described in /4/. Ions in 
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such gases for the applied prebreakdown fields are formed not only due to the 

sticking of electrons to molecules, but also due to the shock ionization of the 

molecules by the free electrons that move in strong fields. In addition, they are 

formed owing to chemical processes of plasma. 

Alongside with the internal zones of discharge adjacent to the corona-

forming electrodes, there are also external regions with unipolar charging in the 

stationary cases /4/. In them, the sign of the forming volume charge upon its 

establishment coincides with the sign of the charge of the corona-forming 

electrode. According to /4/ volt-ampere characteristic of the corona discharge in 

point-plane geometry has the next form: 

𝐼 =
2𝑏𝑈(𝑈−𝑈𝑐)𝐿

(𝑟0+𝑑)
2ln(1+𝑑 𝑟0⁄ )

,    (1) 

where Uc is the corona ignition voltage, b is the mobility of ions, d is the 

interelectrode distance, L is the characteristic size of a grounded counter 

electrode, r0 is the radius of coronating edge. 

3. Experimental results of prebreakdown characteristic in the corona 

discharge in air 

The experiments were carried out in air at atmospheric pressure. The 

needle with an edge radius equal to 70 µm was placed above the center of a flat 

round electrode with a diameter of 100 mm at a distance of 13 mm. In this case, 

the finite size of the flat electrode can be neglected. High dc voltage of negative 

polarity was applied to the needle. The flat electrode was grounded. The dc 

voltage was measured using voltage divider with the voltage ratio of 1 : 1000 

and multimeter APPA 505. The error of measuring the dc voltage at the limit of 

10 V was equal to ±0.17 V. The current was measured using ammeter with the 

accuracy class of 0.5. Fig. 1 shows comparison of the experimental data with 

calculations according to the Townsend theory. The corona ignition voltage was 

equal to 3.2 kV. 
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Fig. 1 – The volt–ampere characteristic of the corona discharge of 

negative polarity: experiment (circles) and theory (solid line) 

4. Conclusion 

An experimental setup for the investigation of corona discharge 

characteristics in weakly ionized media was designed and constructed. The 

measured prebreakdown volt-ampere characteristics for corona discharge in 

point-plane geometry in air is presented. These experimental results agree with 

the Townsend theory for the electrodynamics of the outer area of corona 

discharge. 
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1. Introduction 
The glow discharge is used in many areas of modern science and it is the 

basis of many practical applications (quantum generators, plasma modification 
of surfaces, thin-film deposition, biological deactivation, spectrometry, etc.). 
However, some modes of glow discharge remain unexplored. As is known, in a 
classical cylindrical discharge tube, gas is heated at medium and high pressures 
and currents. In this case, the neutral particles are displaced into the near-surface 
(near-electrode and near-wall) regions. In other words, a non-uniform 
distribution of the density of neutral particles is observed. This fact is one of the 
causes of contraction /1, 2/. However, in recent years, various complex chamber 
configurations have been used to initiate discharges in various applications, for 
example, in plasma chemistry. /3, 4/. In such cells, there are regions buffer 
volume - without gas-discharge plasma in which the gas remains "cold". 

When the values of the currents and the pressure of the critical values at 
which contraction can occur are reached, most of the particles will be displaced 
not to the near-wall regions but to the "cold" buffer volume due to a larger 
temperature gradient compared to the temperature gradient "tube-wall axis." 
This fact leads to interesting features of discharge burning and extends the range 
of conditions (values of pressure and current) for the existence of glow 
discharges with a diffuse positive column. 

The aim of the paper was to investigate the influence of the buffer volume 
on the discharge characteristics in helium in a long cylindrical tube at pressures 
from 52.5 to 203 Torr and currents from 30 to 200 mA. 

 
2. Experimental setup 

To investigate the electrical characteristics and the spatial structure of glow 
discharge, an experimental setup was developed (Fig. 1). The installation is a 
tube (1) made of quartz glass (installed vertically) with a length of 24.2 cm and 
an internal diameter of 2.4 cm filled with helium. Two plane-parallel copper 
electrodes cooled with water are located at the ends of the tube. 

At a distance of 3.6 cm from the cathode is a cylindrical channel with a 
diameter of 1 cm and a length of 7 cm with a volume of 0.05Vtube, where Vtube is 
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the volume of the discharge tube. At the end of the channel there is a vacuum 
tap that connects to buffer volume of 5.95Vtube. The buffer volumes (2, 3) is two 
cylindrical volumes connected to the discharge tube and separated by a vacuum 
tap. Thus, it is possible to distinguish three buffer volumes connected to the 
discharge gap with volumes of 0.05Vtube, 0.27Vtube and 6Vtube. 

To supply the discharge, we used a 
regulated constant voltage source 
Spellman STR30*6 (0–30 кВ) (4). 
Positive voltage was supplied to the anode 
through a ballast resistor placed in series. 
The cathode was grounded. The source 
was always operated in current–controlled 
mode. The total ballast resistance in the 
electrical circuit was 24.1 kΩ (5, 6). The 
discharge currents and voltages were 
recorded by means Rigol DSC2072A 
oscilloscope. A high-voltage probe ACA-
6039 was used to measure the voltage. As 
a current shunt, a part of the ballast 
resistance of 1435 Ω (6) with a RP3300A 
probe was used. The voltage at the 
discharge was determined by the 
difference in the readings from the 
channels of the oscilloscope CH2 and 
CH1. The measurements of the electrical 
characteristics of the discharge were 
implemented in the quasi-stationary 
mode, that is, by means of soft hand 
regulating voltage of the supply. 

The tube with buffer volume was 
evacuated to pressures of 10-3 Torr in the 

first stage by means a forevacuum pump. Then helium was injected into the 
system to the investigated pressure. Buffer volumes (2, 3) were disconnected, 
and discharge was ignited in a cylindrical tube. The current–voltage 
characteristic of the discharge was recorded. The connection of the buffer 
volume with the discharge tube was restored and the current–voltage 
characteristic was again removed in the second stage. 

Fig. 1 - The experimental setup  
(1 – quartz tube; 2, 3 – buffer  
volumes; 4 – power supply;  

5, 6 – ballast resistors;  
7 –  forevacuum pump) 

 
3. Results and discussion. 

The current–voltage characteristics of the glow discharge at different 
pressures and buffer volumes are shown in Fig. 2. The discharge voltage drop 
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increases markedly with increasing gas pressure /1, 5/. A normal glow discharge 
was observed. It was characterized by the increases in the area of the current 
spot as the current was raised under given pressure. This can be indirectly 
indicated by the fact that the area of glow near-cathode region increases. A 
weakly growing part was observed, within the limits of the investigated 
discharge currents, which was also observed in studies of discharges at 
atmospheric pressure in work /6/. In the range of currents from 50 mA and 
higher, a falling part of the current–voltage characteristic is observed, which 
indicates an unstable regime of discharge burning. The falling region in the 
current–voltage characteristic is a consequence of the heating of the gas /1/. 
Therefore, at high pressures and, as a consequence, high power inputs to 
discharge in the investigated range of currents, the fall is steeper. 

a b 

  
Fig. 2 - Current–voltage characteristic of a glow discharge at different pressures 

and buffer volumes 
 
As can be seen from Fig. 2, the renewal of the connection between the 

discharge tube and the buffer volume leads to a drop in voltage on the discharge 
and a visual increase in the width of the positive column. An increase in the 
buffer volume leads to reducing the discharge burning voltage. This is due to the 
fact that the neutral particles are displaced in the “cold” buffer volume due to the 
temperature gradient and the density of neutral components in the discharge 
region decreases. This is due to the fact that the neutral particles are displaced in 
the “cold” buffer volume on account of the temperature gradient and the density 
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of neutral components in the discharge region decreases. This process can be 
traced on current–voltage characteristics of the discharge at 52.5 Torr with a 
buffer volume of 0.05Vtube and 101.7 Torr with a buffer volume of 6Vtube. The 
current–voltage characteristics of the discharges practically coincide at pressures 
differing by a factor of two, which indicates close values of the E/N parameter 
for these two cases. The presence of a buffer volume leads to more decrease in 
the discharge burning voltage with increasing pressure. This is due to the 
temperature increase in the discharge and, as a consequence, more “effective” 
displaced of neutral particles in the “cold” buffer volume. 

 
4. Conclusions.  

We have experimentally investigated the behavior of a glow discharge in a 
cylindrical tube with non–discharge gas buffer volume attached to it in the 
pressure range from 52.5 to 203 Torr. Obtained the current–voltage 
characteristics of a glow discharge in the tube using three different buffer 
volume connected to the discharge gap. It is shown that by varying the buffer 
volume, it is possible to vary the parameter E/N and the discharge current 
density. In this case, using such a simple tool as a buffer volume, it is possible to 
obtain a glow discharge in helium with a diffuse positive column at sufficiently 
high pressures. 
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Initial stage of a discharge is a gas breakdown may have several forms 

defined by different mechanisms. In case of non-uniform electric field and low 

gas pressure the breakdown occurs after ionization wave (IW) propagation /1/. 

IW is the area of high electric field restricted in space and time, which 

propagates from high voltage electrode and produces gas ionization. IW occurs 

during a breakdown in low gas pressure tubes and channels. These waves are 

excited at low overvoltage; their speed does not exceed 10
8
 cm/s and can be 

easily detected by their optical emission. IW parameters are very sensitive to 

approaching any grounded conductors; the tube shielding which is a standard 

way to exclude such external influence results in significant changing in IW 

front shape and in speed decreasing. More details about tube shielding effect on 

the breakdown can be found in /2/. 

Despite the fact that IW has been extensively studied, there are just few 

works that concern interfering of separate ionization waves. Authors of /3/ 

investigated splitting and merging of IW in a tube made of two linear tubes both 

connected to a ring-shaped tube along the same longitudinal axis being the ring 

diameter filled with neon at atmosphere pressure. It was found that IW splits in 

first branching point into two equal fronts that propagated in half-rings with 

lower speeds than the origin wave did. Speed decreasing was a result of lower 

electric field strength. In second branching point the two waves merged in one 

front with higher electric field. The new IW increased in speed and plasma 

density. There are no similar results for IW accompanying low pressure gas 

breakdown. 

To investigate IW interaction the source of separate waves with high 

repeatability is required, and this problem can be effectively solved with one-

electrode discharge in a long non-shielded tube. This discharge appears after the 

voltage is applied between one electrode of the tube and the ground while 

another electrode remains free. As a result, only one IW exists in the discharge 

volume without return wave and self-sustained discharge. It propagates from 

active electrode and disappears after approaching the opposite one or after 

termination of voltage pulse time. The absence of the shield allows to obtain IW 

with narrow front (optical emission measurements give about 0.1 - 1μs in neon 

for IW speed ~10
7
cm/s) and optical and electrical signals of sufficient amplitude 

(signal-to-noise ratio >10). Оne–electrode discharge starts from initial 
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breakdown between the active electrode and nearest section of the wall. In that 

moment the peak of optical radiation and peak of current in the electrode circuit 

are detected /2/. During IW propagation stage the current through the electrode 

changes slowly and breaks after IW approaches the opposite electrode. 

In this work, interactions of IWs were observed in sealed-off Y-shape 

discharge tube with three electrodes filled with neon at pressure 1 Torr. It 

consists of two symmetrical channels with the same length (30 cm) and 50 cm 

long outlet channel. Pulses of positive voltage with amplitudes 1 – 3 kV were 

applied to two electrodes with repetition rate 0.1 – 5.0 Hz while the third 

electrode remained free. Initial breakdowns near the electrodes could occur 

spontaneously with different average statistical delay times (~1ms). To 

synchronize the breakdowns we used the effect of statistical delay time 

decreasing under the electrodes illumination with visible spectrum light /4/. Two 

LEDs with λ = 440 nm irradiate permanently two active electrodes leading to 

statistical delay time less than 1 μs. Within this time two waves could start from 

the electrodes and interfere at arbitrary moments. To detect this event four optic 

fibers were placed in different points. Two of them permanently transmitted the 

light signal from symmetrical near-electrode points (10 cm from anode) while 

other fibers were installed in different points of outlet channel and also of the 

inlet channels. Two photomultipliers (PMT) were connected to the pair of the 

fibers so that one fiber passes signal from electrode while another fiber transmits 

light signal from the certain point. IW interfering was detected by statistical 

accumulation of a number of signals in chosen points. To exclude the 

disturbance in IW propagation all assembly parts of the fibers fastening as well 

as elements for Y-tube mounting were made of dielectric materials. 

Firstly we examined the breakdown in two channels separately with only 

one high-voltage electrode. Fig. 1 presents typical IW optical signals which can 

be detected in all parts of Y-tube including voltage-off channel. This result 

suggests that IW spreads in each available way after the branching point. IW 

speed after splitting rapidly decreases on approaching the non-grounded 

electrode which then results in IW attenuation. As a result, average channel 

velocities of IW are lower than velocity of initial wave and depend on the 

channel length. 

When voltage pulses are applied to the two channels simultaneously the 

picture of the IW light signals begins to differ from Fig.1 and depends on time 

shift between initial breakdowns near the electrodes. Fig. 2 - 4 show several 

forms of those optical signals. If the time shift between the breakdowns in first 

and second channel appears to be sufficient for IW transition to the branching 

point the wave will split into two IWs. One of them goes to the central channel 

while another IW tends to move to the second active electrode where it meets 

oppositely directed IW. The result of their interaction may vary depending on 

____________________________________________________________________________2. Electrical discharges and other plasma sources, elementary and near electrode processes 

141



the time shift between two IWs. It is possible to separate several scenarios: 

amplification, annihilation, partial annihilation. 

Fig. 2  demonstrates the early 

start of IW1 which is approximately 

0.5 μs prior the start of IW2 (curve 1 

recorded in observation point (1) 

near the channel anode). Average 

channel speed of IW1 is about 5·10
7 

cm/s which is sufficient to approach 

the branching point where the wave 

splits into 2 IWs; one of them 

interferes with IW2 at the 

observation point (2) where the 

curve 2 is recorded. The curve 2 at 

fig.2 shows the situation where such 

interaction may lead to amplification 

of IW 

 

  

Fig. 2  IW optical signal in different 

points: 1) 10 cm from anode of first 

channel; 2) center of the second channel 

Fig. 3  IW optical signals from two 

points in one channel. 1) 10 cm from 

anode; 2) 2 cm from branching 

point; 3) repeated weak IW signal 

 

Fig.3 demonstrates optical signals from two points in one channel. Curve 1 

corresponds to position of the fiber in 10 cm from the anode while curve 2 

depicts IW emission at 2 cm from the branching point. Peaks 1 and 2 correspond 

to different IWs one of which (1) starts from the channel anode, and second one 

(2) comes from adjacent channel after splitting in the branching point. The 

waves interaction appears to be between the observation points and it can be 

seen as a mere result of the interfering in the form of additional peak at curve 1 

corresponding to the resulting IW moving from the anode at Fig.3. At the same 

 
Fig. 1  IW optical signal in one 

channel. 1) near anode; 2) 2 cm from 

branching point 
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time the picture of the signals was like the one at Fig.4 that was observed for 

some breakdowns. The fibers transmit optical signals as before, but additional 

peak is missing. Two peaks presented are not the signal of the same IW because 

in this case its speed should be about 2·10
8
 cm/s which is higher by order of 

magnitude than in previous breakdowns at the same conditions. Interfering of 

those waves does not lead to any new signals in observation points that indicate 

the wave disappearance at a distance between the points. 

The result described above shows 

more complex behavior of IW during 

interference with another IW when they 

start with time delay. The experiment 

confirms IW splitting in branching tube 

as has been shown in /3/. But apart 

from that the processes of annihilation, 

partial annihilation and amplification of 

IW have also been observed. 
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Fig.4  IW optical signals from two 

points in one channel. 1) 10 cm from 

anode; 2) 2 cm from branching point 
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In recent decades, the End-Hall ion sources have been used in the optical coating 
industry for ion-assisted deposition and surface pre-cleaning operations e.g. /1, 2/. 
The employ of gridless ion sources based on magnetoplasmadynamic thrusters 
and Hall effect has been beneficial for many applications, because they have a 
relatively high ion flux density, wide spatial distribution, moderate beam energy 
levels of approximately 60-200 eV, and its ability to handle either inert or reactive 
gases. However, as modern manufacturing processes scale to larger systems, 
higher rates, and larger substrate areas, it has become necessary to increase power 
capacity of the End-Hall ion sources, reduce form-factor sand significantly 
improve their service ability and maintenance requirements and, thereby, reduce 
cost of ownership. 
In Hall-effect ion sources, the magnetic field B is perpendicular to the discharge 
current forms a barrier to electron transport from the cathode to the anode at a 
specific location in space, leading to the increase of the electric field E in the 
plasma at that location, in a direction perpendicular to the magnetic field. This 
electric field accelerates ions away from the source. 
The resulting cross-field configuration generates a current (the Hall current) that 
direction is perpendicular to the E×B fields e.g /3, 4/. Most Hall-effect ion sources 
have an axially symmetric design in which the applied magnetic field and the 
resulting electric field are such that the Hall current is generate in the azimuthal 
direction. In this configuration, the anode is at the end of the channel and the 
exhaust (and acceleration region) is at the other end. In the End-Hall ion 
configuration, the anode has a conical shape, the acceleration region is close to 
the anode surface, and the beam divergence is larger. 
 
Magnetic field simulation 
 
For the study of the magnetic field of an ion source (Figure. 1), it is assumed that 
the field is generated by cylindrical permanent magnets; therefore, the solution 
will be given by the equations 
 

∇ ∙ 𝐵 = ∇ ∙ (∇ϕ) = 0               (1) 
 
where B is the magnetic induction field and 𝝓 is the magnetic potential. 
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Figure 1. Magnetic field lines configuration in End-Hall ion sources 
 
Rather than being calculated directly from the configuration of permanent 
magnets, the magnetic field in the discharge channel is obtained from a set of 
boundary values specified on the domain boundaries. This allows the direct 
implementation of measured magnetic field data or the deliberate adjustment of 
the field, which is useful for studying its influence. 
The magnetic field lines are described by the stream function 𝜆 (𝑥, 𝑟) e.g. /5, 6/, 
calculated from  
 

𝐵𝑎 =
1

𝑟

𝜕𝜆

𝜕𝑟
, 𝐵𝑟 =

1

𝑟

𝜕𝜆

𝜕𝑥
, (2) 

 
where a and r are the axial and radial position coordinates and 𝑩𝒂 and 𝑩𝒓 are the 
axial and radial components of the magnetic field. This λ is constant along 
magnetic field lines (𝐵 ⋅ 𝛻𝜆 = 0) and usually diverged from anode to cathode. 
Substituting λ in Equation. (2) in the Maxwell-Ampere, we have 
 

𝜕

𝜕𝑥
(

1

𝜇

𝜕𝜆

𝜕𝑥
)  + 

𝜕

𝜕𝑟
(

1

𝜇𝑟

𝜕𝜆

𝜕𝑟
) = −𝑟𝐽𝑚𝑎𝑔𝑛𝑒𝑡   (3) 

 
where 𝜇 is the magnetic permeability and 𝑱𝒎𝒂𝒈𝒏𝒆𝒕 is the azimuthal current source 
of the magnet. The solution for this equation is solved numerically. 
It is possible to increase the efficiency of ion generation in End-Hall ion source 
by decreasing the value of the magnetic induction component 𝐵𝑟 in the region 
above the anode. This makes it possible to increase the efficiency of the magnetic 
trap and to ensure the entry of electrons from the filament-cathode into the plasma 
formation zone. The value of the component 𝐵𝑎 in the plasma formation region 
should remain high to enhance the ionizing ability of the electrons located there. 
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Reference Developed 

Simulations results 
 
In this section presents the magnetic field simulation between reference and 
developed End-Hall ion sources. The simulation was performed using the free 
trial version COMSOL Multiphysics software package. The calculation of the 
magnetic field was carried out in a stationary mode using the Maxwell equation. 
It is considered that the field distribution is uniform throughout space and is not 
affected by external fields. During our simulation we were variation the 
permanent magnets dimension and shape of magnetic poles. 
As a result of the simulation, graphs were constructed which show the variation 
of the values of the magnetic field induction components 𝐵𝑎, 𝐵𝑟 on the cylinder 
surface located at r1, r2 and r3 from the central axis as it shown on the Figure 2. 
 
 

 
 
 
 
 

Figure. 2. Schematic of the magnetic field measurements from the central axis at 
a distance r1, r2 and r3 

 
 

 
   
 
 
 
 

Figure 3. The values of the 𝐵𝑎 and 𝐵𝑟 magnetic field components for the 
reference and developed ion sources at the r1 

 
 

 
 
 
 
 
 

Figure 4. The values of the 𝐵𝑎 and 𝐵𝑟 magnetic field components for the 
reference and developed ion sources at the r2 

Reference Developed 
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Figure 5. The values of the 𝐵𝑎 and 𝐵𝑟 magnetic field components for the 
reference and developed ion sources at the r3 

 
As can be seen from the figures 3,4 and 5, the values of the 𝐵𝑟 component in the 
region above the plasma formation region decreased by 10-40% without a 
significant decrease in the 𝐵𝑎 component. Moreover, a decrease in the values of 
the 𝐵𝑟 component with a distance from the anode surface occurs more intensively. 
 
Conclusions 
 
The magnetic fields of the reference and developed magnetic system of the End-
Hall ion sources are simulated. The values of the magnetic field induction 
component 𝐵𝑟 in the region above the plasma formation zone are decreased. The 
results obtained indicate expansion of the "channel" for electrons that follow to 
the anode, increase in “effective surface” of the anode, and, as a consequence, 
increase in the discharge region. So, there is an increase in the efficiency of the 
magnetic electron trap for developed End-Hall ion source and, accordingly, an 
increase in the efficiency of ion current generation. 
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In case of a long discharge tube the inter-electrode electric field before the 
breakdown is essentially non-uniform if the tube length exceeds the diameter. In 
this case, classical electron avalanches appear only at the initial stage of the 
breakdown near high-voltage electrode, and could transform into ionization 
wave (IW) which always propagates from the active electrode /1/. At the 
moment of initial ionization and the IW formation the existence of another 
electrode of the tube is insignificant because the electric field strength rapidly 
decreases toward the tube center becoming zero at a distance of some diameters. 
Therefore if the tube has infinite length the IW propagation will be restricted to 
the time of voltage pulse duration and the wave attenuation. The same situation 
occurs in case of the opposite electrode absence (so called one-electrode 
breakdown).    

The work presents the results of experimental study of the one-electrode 
breakdown in 800 mm long tube with 15mm inner diameter filled with neon at 
pressure ~1 Torr. The breakdown was initiated by rectangular pulses with 1 – 2 
kV amplitudes of positive polarity and duration of 1ms, which were applied to 
the one electrode while the opposite electrode remained free. Repetition rate of 
the pulses ranged from 1 Hz up to single pulse. The tube was used without metal 
screen but it was distanced from any conducting elements at least by 20 cm. 
Simultaneous recording of optical emission and current flowing through the 
active electrode allowed us to detect initial and moving breakdown stages.   

The following scenario has been found out. The one-electrode breakdown 
consists of two main stages: 1) first breakdown between active electrode and 
wall leading to IW front formation; 2) IW propagation without return wave 
formation. The breakdown voltage only slightly differs from that of the two-
electrode breakdown. The first breakdown appears when the applied voltage is 
higher than the static breakdown potential. After that the bright peak of intensity 
(curve 1 at the upper plot of Fig. 1) is detected near active electrode 
simultaneously with anode current peak (lower plot of Fig. 1). IW forms from 
space charge remaining after the first breakdown and moves toward the low 
potential tube area. This motion can easily be observed by recording IW optical 
emission in different points along the tube. The IW velocity was found to be in 
the range of 106-108 cm/s which is in accordance with the results of other works 
/2, 3/. It is well known that IW interacts with tube wall charging it up to the IW 
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front potential /3/. Within the propagation time between IW front and the anode 
the electric current flows through the electrode. This current loops with 
displacement current. It means that a non-compensated electrical charge must 
remain in the discharge volume which therefore deposits at the tube wall. This 
charge was estimated and measured. Its typical value ranges in 18·10-9 - 36·10-9 
C depending on the conditions. 

 

 
Fig. 1 - Neon 0.6 torr. Upper plot: first breakdown (1) and IW optical signals in 

70 cm from the anode (2). Lower plot: current in the anode circuit 
 

After approaching the opposite free electrode, the IW immediately 
disappears leaving the walls of the tube charged. It was found that in some 
conditions this charge is sufficient to cause repeated breakdown of gas and 
generate new IW, which also moves from active electrode after its grounding. 
Propagation of this wave is also accompanied with current in the anode circuit 
and movement of the light signal. In such situation the electrode cannot be the 
source of the charge transported to IW front due to the zero potential, therefore 
the necessary charge is delivered from the wall from which the first breakdown 
for the repeated IW starts. This wave passes the tube discharging its wall and 
finishing the one-electrode breakdown.                    
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Electrical discharges generated in liquids or interacting with liquids became 
a hot topic in plasma chemistry research during the last decade /1, 2/. There are 
many different discharge (or plasma-liquid) configurations /2/ and new systems 
are still under development with respect to the specific requirements of selected 
applications. The physical as well as chemical processes running in these 
systems are very complex and they are still not fully understood /1/. This 
contribution focuses on plasma generation directly in the liquid phase in a so 
called pin-hole configuration. 

Generation of the discharge directly under the liquid (mainly water) surface 
is not so simple because of high water permittivity and generally very dense 
environment. The breakdown voltage is about 1 MV/cm and thus specific 
electrode configurations are required /2/. One of such suitable systems is the 
pin-hole configuration /3-6/ where electric current passing through the liquid is 
focused in a very small area of about 1 mm2 (pin-hole). Liquid is strongly 
evaporated there by the Joule heating and electrical discharge is ignited at the 
bubble surface. Advantage of the pin-hole configuration is that the discharge is 
ignited in bubbles, so in gaseous phase and thus more or less any power supplies 
can be used. Discharge reactor can be supplied by DC or AC up to RF range at 
applied voltage of a few kV depending on the liquid conductivity. The system 
can be constructed as a batch system (two bigger liquid volumes connected by a 
small orifice, each part containing one electrode /5/) or one of electrodes can be 
directly mounted into the pin-hole and the whole system is a pen-like /6, 7/. The 
liquid conductivity is in the broad range from nearly zero (because of the 
discharge bubble principle) up to very high conductivities like the physiologic 
solution (15 mS/cm).  

Discharge propagation is dependent on the solution conductivity as well as 
on the bubble diameter. The discharge is propagating along the bubble surface in 
the case of small bubbles and low conductive liquids /8/; propagation through 
the bubble volume is observed in the case of big bubbles /6/. If very short high 
voltage pulses (sub-nanosecond pulses of tens kV) are used for the discharge 
generation, streamers propagating directly through the liquid are observed /9/. 
Similar behavior can be occasionally observed using other supplying systems, as 
was reported for example in /10, 11/. If a non-pulsed power supply is used, the 
discharge shows self-pulsing behavior because the bubble containing the 
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discharge extends its volume up to the critical size and after its cavitation a new 
discharge is ignited in another bubble /6/.  

The plasma-liquid interaction generates many different physical 
phenomena as well as it produces a lot of different active particles responsible 
for the consequent bulk liquid phase chemistry /1/. The plasma channel in the 
bubble usually directly touches the bubble surface and thus the direct interaction 
of electrons and ions with the liquid leads to mechanical deformation of the 
bubble surface, local heating followed by evaporation as well as dissociation and 
ionization of the liquid molecules. The light emitted by the discharge is in the 
broad range of spectrum including also VUV radiation (mainly of the hydrogen 
Lyman series) leading to the liquid photo dissociation and photo ionization. 
These agents together with the discharge thermal effect lead to the further liquid 
evaporation and bubble extension. When the bubble reaches some critical size it 
cavitates and a shock wave can be generated /6/.  

The chemical active species formed by the electrical discharge in liquids 
are mainly hydrogen and oxygen atoms and OH radical if the discharge is 
formed in water solutions. Other active particles can originated from dissociated 
inorganic salts typically used for the liquid conductivity adjustment, various 
additives, organic molecules, etc. Moreover, it is possible to add some gas into 
the pin-hole region and thus change the discharge properties as well as to 
modify production of chemically active species /12/. These species diffuse into 
the bulk liquid where they can initiate very complex non-equilibrium chemistry. 
It must be noted that in the DC systems electrolytic effects must be taken into 
account, too. Thus combination of physical and chemical effects of the 
discharge can lead to the broad field of perspective applications. 

Removal of various pollutants dissolved in water is the most studied 
application of all discharges interacting with liquids, i.e. including discharges 
generated directly in liquids. This application belongs to the bigger group of 
Advanced Oxidation Processes (AOPs) and uses more or less only active species 
generated by the plasma-liquid interaction. The decomposition is more or less 
non-selective and thus very complex solutions can be treated effectively. 
Synergistic applications of the plasma effect with photocatalysis or sorption 
were successfully tested besides the simple discharge application /13/. The main 
problems of these applications are their high energy consumption, limited 
energy efficiency and mainly formation of huge number of by-products; some of 
them can be even more hazardous than the original compound /14, 15/. The tests 
were done using various dyes, pesticides, pharmaceutics, hormones, organic 
acids and other hazardous pollutants. 

Another broad application field is the synthesis of nanoparticles (NPs). The 
advantage of plasmas generated directly in liquids is that NPs formed by any 
discharge are very effectively cooled and dissipated into the bulk liquid. Thus 
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they do not form huge agglomerates. The size can be varied by the discharge 
conditions setting and the size distribution curve is very narrow. Moreover, if 
some organic additives are added into the liquid (or if organic liquid is used) the 
metallic NPs can be covered by very thin organic layers. Thus two processes are 
completed at the same time – formation of NPs and their surface treatment. The 
nanoparticles can be formed from the metallic salts dissolved in the liquid /16/ 
or by the direct sputtering of electrodes /17/ which serve as the NPs material 
source. The carbon NPs can be formed using organic liquids /18/. 

Besides the direct NPs formation, the discharge generated in the liquid 
phase can also serve as a surface treatment tool for the previously formed 
nanoparticles /19, 20/.  

Not only nanomaterials but also bigger objects can be treated using the 
electrical discharge in water. The successful application was tested for the 
surface cleaning of ancient glass objects by another electrode system /21/. 
Currently, our new system described in /6/ is tested for the surface cleaning of 
glass and ceramic historical objects. 

Plasma in water solutions can be also generated at low power of a few 
watts. Because of the liquid environment there is a great potential for the 
biomedical applications. The first successful tests were focused on sterilization 
and bulk liquid bacterial inactivation. In general, application of plasma-liquid 
systems is a basis of all plasma medicine topics like sterilization, wound healing, 
proliferation, coagulation, ablation etc.  

The pin-hole discharge can be used also as micro pump. The effect is based 
on the discharge asymmetry in positive and negative polarity. Thus in DC 
regime liquid is pumped preferentially in direction to the positive electrode /22/. 
The preferred pumping direction can be also selected using the asymmetric pin 
hole (or capillary) as it was described in /23/. The effect can also influence the 
applications mentioned above.   

To conclude, the pin-hole and also other electrical discharges generated in 
liquids are very effective sources for the strongly non-equilibrium environment 
combining more physical and chemical processes. Thus they open a new 
dimension in the wet chemistry followed by a broad field of future applications 
across classical disciplines. 
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In recent years, liquid-assisted plasma systems based on the electrical 
discharges generated inside or in contact with liquid have attracted much 
attention for various technological applications, including synthesis of 
nanoparticles (NPs) /1, 2/. Electrical discharge between two electrodes 
submerged in liquid (EDL) has proved to be attractive for the NPs synthesis due 
to high production rates, versatility and possibility of control over the particle 
size and size distribution function during the synthesis process. Besides, the 
non-equilibrium character of plasma in liquids with different temperatures for 
the plasma species can offer a multitude of possible reaction pathways and 
realize unattainable by conventional methods strongly non-equilibrium, high 
energy synthesis processes. 

In addition to the discharges generated inside the liquid the gas-liquid 
interfacial discharges produced in contact with liquid (with liquid electrode) has 
also become of great interest and importance for nanomaterials synthesis and 
their functionalization directly in solutions /2/. Usually the discharge in contact 
with liquid is ignited between an electrode in atmosphere and another immersed 
into the solution. Igniting the microplasma results in the current flow through 
the solution and reactions are observed at the anode and cathode. At the anode, 
oxidation reactions lead to the dissolution of the solid metal into metal cations 
which are then reduced at the cathode by the microplasma to nucleate metal 
NPs. 

It should be noted that the liquid assisted electrical discharges both within a 
liquid and at the gas-liquid interface were successfully applied for synthesis of 
NPs of metals, their oxides and carbides /1, 2/ The capabilities of these methods 
for synthesis of semiconductor NPs are much less studied. Besides, despite the 
literature already reports on the possibility of NPs surface functionalization by 
the plasma in contact with liquid /3/, the exact mechanisms and reaction paths 
are still not fully known. 

In this paper we present the results of our experiments on the application of 
electrical discharge plasma in liquid for synthesis of carbon and silicon NPs as 
well as in combination with a laser-induced modification for synthesis of binary 
SiC and SiGe NPs. In addition, the targeted changes of the NPs properties 
(surface engineering) could be selectively achieved via microplasma surface 
treatment of the as-prepared NPs in colloidal solutions. The goal of production 
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of these particles is their future biomedical and photovoltaic applications. 
Both silicon and carbon NPs with size less than 10 nm – so called quantum 

dots recently have attracted much attention due to their unique properties and 
broad prospective applications. Silicon NPs (Si-NPs) are characterized by the 
unique combination of size-dependent optoelectronic properties and 
biocompatibility, that explains the interest to Si-NPs for the applications in 
biological imaging and therapy, lasers and light emitting diodes, memory 
devices, energy source and sensor devices. 

Carbon nanoparticles (C-NPs) owing to their excellent biocompatibility, 
chemical inertness, and size-selective photoluminescence properties may find 
increasing applications in modern biotechnology as more suitable alternatives to 
the traditional semiconductor quantum dots. 

The synthesis of the silicon based nanocrystalline structures has also 
received great interest. In particular, silicon carbide nanocrystals are 
characterized by an enlarged band gap in comparison with silicon; have high 
thermal and chemical stability, exhibit luminescent properties. Nanostructures 
based on the alloys GexSi1-x are interesting due to the possibility of adjusting the 
lattice parameters and the width of the band gap, changing the mobility of 
charge carriers. Despite some progress in preparation of these structures, the 
development of new approaches for the controlled synthesis of nanocrystals 
based on silicon and germanium remains an urgent task. 

The two types of plasma-liquid systems used in this work i.e. high-voltage 
discharge between two electrodes submerged into liquid and gas-liquid 
interfacial discharge have been described elsewhere /2, 4/. Briefly, a spark 
discharge (Fig.1a) was ignited between two electrodes, that depending on the 
required NPs composition could be graphite rods, two silicon plates, or silicon 
and graphite electrodes immersed in liquid (water, ethanol). The distance 
between the electrodes during the experiment was less than 1 mm and controlled 
to maintain the discharge parameters approximately constant. The alternating 
current discharge was initiated by applying a high-voltage pulse of 8.5 kV. The 
peak current was about 17 A with a duration of a single discharge pulse of 25 μs.  

As the example Fig. 1b presents the TEM image of C-NPs produced by 
spark discharge between two graphite electrodes in water. It gives the evidence 
of near-spherical NPs formation with the sizes mainly distributed in the range of 
2–5 nm with an average value of 3 nm. The inset in Fig. 1b shows the results of 
high resolution TEM studies of a separate particle. The presented HRTEM 
images reveal that particles are monocrystalline and the measured interplanar 
distances were found to be 2.06 Å that correspond well to the reflections 
between (111) planes in cubic carbon having diamond-like structure. 

The capabilities of the method were extended to obtain silicon and silicon 
carbide particles. The small nearly spherical Si-NPs with the average size of 
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about 5 nm were obtained by electrical discharge with silicon electrodes. 
Analysis of the phase composition showed that NPs with the cubic silicon 
structure are major in the samples produced by the spark discharge both in water 
(90 vol.%) and ethanol (95 vol.%) with a small impurity of the oxide phase 
(SiO2) in the samples synthesized in water and carbide phase (SiC) in the 
powder obtained in ethanol. 

 
 
 

 
 
 
 
 
 

 
 
 
 
Fig. 1 -  (a) Schematic diagram of the setup for NPs synthesis by electrical 

discharge in liquid: 1-power supply, 2-electrode holders, 3-reactor cell, 4-liquid, 
5-electrodes; (b) typical TEM image of carbon NPs generated in water 

 
In the case of the electrical discharge between Si and C electrodes in 

ethanol, the fabrication of SiC NPs with the dimensions less than 10 nm having 
a cubic (3C-SiC) internal structure was demonstrated. The synthesized NCs 
exhibited photoluminescence in blue-green spectral region.   

To tailor the surface properties of the synthesized NPs, the prepared 
colloids were treated by atmospheric pressure two microplasma jets generated 
over the colloidal solution and coupled to the colloid. It is known that 
microplasmas generated at the surface of the colloidal solution induce low-
temperature liquid-based non-equilibrium chemistry and therefore promote NPs 
surface functionalization /1,3/. A schematic diagram of the microplasma-liquid 
system with two plasma jets is shown in Fig. 2a. The discharge in contact with 
liquid was generated between a stainless-steel capillary electrode served as 
cathode and the surface of a liquid. The experiments were performed with argon 
flowing through the capillary tube. The discharge was ignited by applying the 
high voltage of 3.6 kV using a dc power supply. The discharge current was kept 
constant in the range of 1 - 5 mA. 

To identify the surface functional groups of the initial and plasma treated 
NPs FT-IR was used. It was found that a different type of surface engineering 
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can be achieved by changing the liquid media. Typical example for C-NPs is 
presented in Fig.2. We suggest that the different surface chemistry activated in 
different solutions could be due to different reactions induced by plasma-
electrons at the plasma–solution interface compared to plasma–water surface. 
Changing the surface groups is believed to be effective in improvement of 
photoluminescence properties of the synthesized C, Si and SiC NPs. 
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Fig. 2 -  (a) Schematic diagram representing the double plasma–liquid system 
for surface engineering of NPs; (b) FT-IR spectra of as-prepared (1) and plasma 
processed C-NPs in water (2) and in ammonia solution (3). 

 
Thus, the presented synthesis methods allow the adequate control over the 

surface characteristics and size distribution, by adjusting the synthesis 
conditions such as discharge parameters and solution composition. 
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We report the results of spectral investigations of the occupancy of excited 

atomic states in the near-threshold region of atmospheric-pressure arc He 

plasma. This study required complex spectral determination of the main plasma 

parameters, including the electron concentration ne and temperature Te and 

occupancies nk/gk (gk is the statistical weight of level k) of helium energy levels, 

which can be established based on the absolute intensities of HeI radiation lines. 

Scheme of the experimental setup is shown in Fig. 1. The generator of 

atmospheric-pressure helium plasma is dc plasmatron 1 with thermionic 

tungsten cathode 2, anode channel 4–5 mm in diameter, and an arc with self-

stabilizing length. Two viewing windows 3 allow for transverse observation of 

the arc portion spaced from the cathode tip by 1.0–1.5 mm. In one observation 

direction, the light flux from the plasmatron passes through lens 4, as a result of 

which an image of the plasma object is projected on the observation plane. The 

image can be scanned with a collimator 5 with an accuracy of 0.2 mm. Then, 

light is transferred (via optical fiber 6) to an AvaSpec-2048 spectrometer 7 

connected to a personal computer. The second light flux passes through the 

focusing lens 8 and is fed to a DFS-452 spectrograph 9, to the output of which a 

CCD camera 12 is mounted (it is connected to the computer as well). A 

removable mirror 10 allows one to record the spectra of the reference sources 11 

(tungsten, deuterium, or halogen lamp) without disassembly of the plasmatron in 

order to calibrate the radiation intensity arriving through the spectrograph 

channel 12. The schematic also includes a collimator 13 reproducing the 

construction of the plasmatron viewing window for complete imitation of the 

optical path of plasma radiation in the experiment. A Toshiba TCD1304DG 

CCD line array or an Andor matrix camera was installed at the output of the 

DFS-452 spectrograph; the instrumental function of the DFS–Andor system is 

δins ≈ 0.3 Å, which made it possible to resolve the helium atomic line profiles 

with characteristic widths of 1 Å or more in the studied regimes. The AvaSpec-

2048 spectrometer allows one to identify the intensities of individual lines due to 

simultaneous recording of the spectrum in a wide range (200–1100 nm). 

The calibration procedures and Abel transform of the recorded "chord" 

spectra makes it possible to pass from relative measurements to local values of 

the absolute intensities of spectral lines and concentrations of radiating atoms 

and ions of helium. 
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Fig. 1 – Scheme of the experiment 

: (1) dc plasmatron, (2) cathode, (3) 

viewing window, (4, 8) lenses, (5,  

13) collimators, (6) optical fiber, 

(7)    spectrometer, (9) spectro-

graph, (10) removable mirror, (11) 

reference source, (12) CCD camera 

Fig. 2 – Occupancies of the HeI levels in atmospheric-

pressure arc plasma at the arc currents of 200 and 400 A 

depending on the excitation energy; the wavelengths of 

the HeI lines (in nm) are presented; the dashed line is 

the ionization equilibrium at ne = 9×10
16

 cm
–3

 and Te = 3 

eV; (1, 2) calculation based on the MDA with allowance 

for the density effects by the NI (1) and UM (2) models. 

The vertical line is the ionization threshold with the 

density effects disregarded 

 

Fig. 2 shows the occupancies of HeI excited levels nk/gk at arc currents of 

200 and 400 A. The occupancy distribution is characterized by strong ionization 

deviation from equilibrium and, on the whole, is in agreement with the 

previously obtained experimental data /13/. The electron concentration was 

measured based on the Stark broadening of the series of HeI lines, and the 

electron temperature was determined by the intensity ratio of ion and atomic 

helium lines. The values obtained for the central part of the arc channel (ne ≈ 

9×10
16

 cm
–3

 and Te = 3.0 eV) allow a comparison of the spectrally measured 

distribution nk/gk with ionization equilibrium nk
0
 = ne

2
/Kk0(Te), where 
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is the constant of ionization equilibrium between the kth atomic level and the ion 

ground state and Ik is the ionization energy of level k. 

The dashed line in Fig. 2 corresponds to the equilibrial (with respect to 

ions) occupation of atomic levels nk
0
/gk. The experimental occupancies of the 

ground n1 (not shown in Fig. 2) and first excited n2 levels are higher than the 

equilibrium values, and n1 exceeds n1
0
 by two orders of magnitude. Similar 

ionization deviation from equilibrium was previously observed in hydrogen /4/ 

cm
3 

eV 
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and helium /5/ plasmas and explained using modified diffusion approximation 

(MDA) /6/. However, the experimental nk/gk values for levels with the ionization 

energy ≤1 eV are smaller than the equilibrium ones and sharply decrease when 

approaching the ionization threshold, thus becoming more deviated from the 

ionization-equilibrium condition nk = nk
0
, which should be satisfied at the upper 

excited levels, according to the concepts of low-temperature plasma kinetics /6/. 

This specific feature of highly ionized plasma can only be due to density 

effects, leading to the destruction of the excited atomic states in plasma 

microfields /7, 8/. The superposition of the quasi-static (ion) microfield on the 

field of interaction between the outer electron and the atomic core induces a 

potential barrier for this electron. The atomic levels above the barrier top are not 

implemented; continuous-spectrum states occur instead. The level-

implementation probability is determined by the integral of distribution function 

P(F) of the quasi-static (ion) microfield: 

0

( )
kF

kw P F dF  , 

where Fk is the field value for level k at which it is at the top of the potential 

barrier. Correspondingly, the continuous-spectrum state arises with probability 

1 – wk. The transition region, in which the spectral lines are gradually replaced 

with continuum, is extended with an increase in the plasma density (see, e.g., 

/7, 8/ and references therein). 

A simple analytical method to calculate wk was proposed in /9/. An 

empirical approximation was given in /10/. However, for any method of 

calculating wk, the choice of the Fk value is a critical factor. For this, one of the 

two simplest models is usually applied: uniform microfield (UM) and nearest 

ion (NI) /7, 8/. The form of the microfield distribution function is not so 

important: for example, the calculations with P(F) from /11/ and /12/ yield 

almost identical results. It is assumed in the UM model that the atom is in a 

uniform (on the atomic scale) quasi-static electric field formed by all ions; in 

this case, Fk = Ik
2
/4e

3
, where e is the elementary charge. In the NI model, the 

atom is in the Coulomb field of the nearest ion, and Fk = Ik
2
/16e

3
 in the case of 

single ionization. A comparison of the calculation data with the experimental 

spectra shows /13/ that, for inert gases that are heavier than helium, the best 

results are provided by the NI model even at the nonideality parameter  = 

e
2
/rsTe ~ 0.1, where rs = (4ne/3)

1/3
. At the same time, the UM model turns out 

to be more acceptable for hydrogen plasma /14/. A similar problem for the 

lightest inert gas (helium) has not been solved. 

Fig. 2 shows the calculation results for the occupancies nk/gk of the excited 

HeI states by the MDA method /6/ with allowance for their implementation 

probability wn according to /9/ the NI and UM models. The calculation results 
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by the NI model are in much better agreement with the experimental data 

compared with the UM model, which yields significantly overestimated 

occupancies of highly excited HeI states. One can conclude that the NI model is 

applicable to all inert-gas atoms and, apparently, to all atoms, except for 

hydrogen. 

The calculation based on MDA (with destructions of states in microfields 

disregarded) yields close-to-equilibrium occupancies of all excited HeI levels, 

because all these levels are above the "bottleneck" /15, 6/, which, in this case, is 

between the ground and first excited levels; this is related to the high HeI 

excitation potential. 
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The power interruption (PI) technique is a ‘powerful’ experimental method to 
get insight in plasma phenomena and time-scales. The procedure is based a 
sudden disturbance of the Steady State (SS) by dropping the driving power (PI) 
to zero, after which the plasma is re-ignited (RI). The sequence of PI and RI 
generates various equilibrium disturbing and restoring mechanisms and insight 
in phenomena can be obtained by following the response to PI and RI on various 
system-levels. Of especial importance is the response of the electron gas, {e}. 
This can be studied via optical emission spectrometry (OES) or better, Thomson 
scattering (TS). In the 1960s the PI method was applied to arc plasmas /1/.   

In this presentation we will discuss PI experiments on various plasma 
sources. We start with the PI method applied to an inductively coupled plasma 
(ICP) generated in an atmospheric argon flow /2-4/. In SS the applied power is 
about 1kW, which results in a robust plasma with a radial size of r ≈ 9mm, an 
electron density of ne ≈1021m-3 and electron temperature Te ≈ 0.8 eV. 

 
Figure 1, giving the response of 4 Ar- lines as obtained by OES, shows that:  
1) at power switch-off (PI) all these lines jump-up in intensity within a few μs,  
2) after which they decay in more or less the same time-scale of about 100 μs,  
3) the plasma re-ignition (RI) at  τoff ≈100μs shows sharp decreasing intensities,  
4) after which a slow increase follows back towards SS values.  
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The responses found in fig 1 reflect the following changes in {e} /2,3/:  
1) Cooling: Te ↓ Te

* the Te at SS rapidly falls down to a lower T-value at PI, 
2) Decay of ne due to recombination and/or transport (diffusion),  
3) Heating Te

* ↑ Te
** needed to create new ei pairs; where Te

** > Te. 
4) Ionization, the ne increases and approaches the steady state (SS) value.  
 
Several variations can be applied to the SS plasma settings like the pressure, 
power, the nature of the plasma gas etc.. Moreover we can play with τoff, the 
period of PI. It was found /4/ that increasing τoff leads to higher values of Te

**. 
But the variation in τoff will not change the response of ne and Te at PI. These are 
quite different: the Te (cooling) responds much faster (~1μs) than the ne-decay 
by recombination and/or diffusion (τne ~200μs). The latter strongly depends on 
the plasma conditions; for smaller plasmas we can expect that diffusion will 
force τne to lower values.  
The intensities given in fig.1 are scaled to the corresponding maximum values, 
making clear that, during PI, all lines decay with more or less the same time 
constant. This supports the idea that the levels are ruled by the Saha balance of 
ionization and recombination. For the 4p level this reads:  
 

e (εfast) + Ar (4p)   ↔ e (εslow ) + Ar+ + e(εslow )     (1) 
 
which shows (left to right) that a fast electron ionizes and thus depopulates the 
atom Ar(4p) whereas the opposite populates Ar(4p) by 2e recombination. At PI 
fast electrons will disappear, which explains the upward jump at switch-off. The 
higher the ionization potential Ip the larger the jump will be.  
 

 

 
 
This is depicted in Figure 2a giving η(p)=n(p)/g(p), the density n(p) per 
statistical weight g(p), versus the ionization potential Ip of the level in a semi-log 
plot. The densities are ruled by the Saha formula (eqn.2) just before and just 
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after the cooling (PI). The lower graph in fig. 2a corresponds to Te, the upper to 
Te

*. The jumps for four levels are depicted. It is seen that for lower levels (large 
Ip-values) the jumps are higher. The value of the jumps can be derived from the 
Saha equation. Before the PI (in SS) the density of level p satisfies  

 
ηs (p, Te) = ηe η+ h3/(2πme kTe)3/2 exp (Ip/ kTe)    (2) 

 
where ηe=ne/2 and η+ = n+/g+ while ηs(p,Te) = ns(p,Te)/g(p) is the Saha density 
of the states in level p for the electron temperature Te. Just after PI the Saha 
density is ηs(p, Te

*), thus eqn. 2 where Te is replaced by Te
*. Dividing ηs(p,Te

*) 
by ηs(p, Te), introducing γ = Te/Te

*, while assuming ηe = ηe
* and η+ = η+

* gives  
 
ln {J(p)} = 3/2 ln γ  +  Ip/kTe (γ -1)      (3) 

 
Here J(p)=ηs(p,Te

*)/ηs(p,Te)=I(p,Te
*)/I(p,Te) is the jump at cooling; it is assumed 

that the jump in densities is the same as that of the intensities (I), which is 
justified if the plasma is optically thin for the optical transitions under study. 
This method of plotting the jump J(p) versus Ip directly provides Te

   and Te
*. 

There is no need for intensity calibration nor transition probabilities.  
An example /3/ of such a plot of ln(J(p)) versus Ip is given in  figure 2b 

from which we find that γ = 1.43 and Te = 0.86 eV; meaning that Te
* =0.61 eV. 

However, other methods reveal that the heavy particle temperature in SS is 
much lower, namely Th ≈ 3.9eV. Thus Te

* > Th and we have to conclude that 
after PI the electron temperature does not fall down to Th. Apparently the 
electrons remain heated; this post-heating mechanism is however unclear. 
Evidently it cannot be the EM field since the EM-power is switched-off!  

The presence of {e}-post-heating in the ICP was confirmed by performing 
Thomson scattering (TS) during PI (and RI) /4/.  

If we apply PI to a Surface-wave Induced Plasma (SIP) in pure Ar at low 
pressure (~20mbar) we get a different situation in which, due to the low ne-
values, the Saha responses such as given in figs. 1 and 2 are absent. Thus the 
OES method to determine Te and Te

*
 cannot be used. By applying TS during PI, 

it was found that the post-heating of {e} is not any longer (clearly) present. 
However, an addition of a small amount of N2 or  CO2 to the Ar-SIP again leads 
to a prominent post-heating /5/. The figure below shows that, due to the addition 
of 1% of N2 or CO2, the Te

* during PI will stay as high of 70% of the value 
attained under steady state (SS) conditions, thus Te

* ≈ 0.7 Te. Since the post-
heating cannot be EM in nature; we have to look for other energy sources.  

The most likely candidate is the vibrational system of the molecules N2 
and CO2. The energy distribution of these vibrational levels is an-harmonic; they 
are separated by energy gaps that decrease for increasing vibrational energy. 
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This implies that in mutual collisions molecules with high vibrational energy, 
Evib, will increase further in Evib while those with low Evib will decrease. This so-
called upward-pooling via VV collisions leads to the following scenario:  
1) In SS the {e} having a large ne-value will, via electron-molecule collisions, 
impose their temperature, Te, on the vibrational distribution function, VDF.  
2) At PI, when ne goes down, the VV collisions between molecules become 
more important and tend to change the VDF such that the excitation temperature 
Tex, high in the VDF will increase. 
3) This high Tex –value will in τoff be imposed on the {e}, thereby increasing Te

*. 
 

 
A subsequent stage in the scenario is that:  
4) The VV collisions will, during τoff, support dissociation of molecules.   
In /6/ it was found that the PI technique applied to microwave plasmas in pure 
CO2 indeed leads to more dissociation (CO2 -> CO+O). The final dissociation 
efficiency depends on the SS power, the pressure, gas temperature and the 
repetition rate of PI! As mentioned above, a longer τoff leads to higher Te

** 
values at RI /4/. This will support the {e} in imposing their temperature on the 
VDF. For a proper understanding of this frequency-effect /6/ we need more 
insight in phenomena and time-scales. There is still much work to be done!! 
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The quantitative analysis of metal ions in water and aqueous solutions by 

the method of optical emission spectroscopy of plasma of atmospheric pressure 
discharges is one of the promising applications of plasma-solution systems /1/. 
This direction of use of discharges is directly connected with the processes of 
transferring the components of the solute into the plasma under the action of ion 
bombardment of the electrolyte cathode. The lines of metal atoms which are 
present in solutions in the form of cations are detected in the emission spectra. 
The method has a high sensitivity (up to 10-9 g/l /2/), low-power /3/, does not 
require expensive equipment and allows analysis under atmospheric pressure 
without using an inert atmosphere. At the same time, a number of studies have 
noted the dependence of the intensity of the emission lines of atoms in the 
plasma on the pH of the solution /3, 4/. In addition, the effect of various 
additives to solutions on the detected line intensities has been established /5/. 
Analysis of the high salinity solutions this is the most difficult task. The 
composition of the plasma will be determined by the composition of the 
electrolyte cathode and the additional electrolytes in the sample will change the 
emission intensity of the lines of the analyzed metals. Easily-ionizing 
components of additional electrolytes by transfer processes alter the composition 
of the gas phase and they lead to a change of discharge characteristics. Thus, it 
can be expected that the composition of the cathode liquid electrolyte (solution) 
will affect the intensity of emission lines analyzed metals even at constant 
concentration of the corresponding ions in solution. 

The aims of this work are to perform an experimental study of the effect of 
the composition of an electrolyte cathode on the emission intensity of metal 
atom lines and to analyze the possibility of determining the concentration of 
metal ions in a liquid cathode by the actinometry method of plasma. 

Direct current (DC) discharge (i = 40 – 50 mA) was excited by applying 
high voltage between the surface of aqueous cathode and metallic anode which 
placed at the position 1–10 mm above the liquid surface /6/. The cell was 
equipped with a glass trap to collect the condensate formed by spraying the 
liquid cathode. Water solutions of nickel, copper, barium, magnesium chlorides 
with concentrations of 10-4 – 10-1 mol/l were used as cathodes. Solution of 
sodium chloride (c = 0.05 – 0.5 mol/l) is used as an additional electrolyte. 
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Atoms of potassium, cations of which in solution were present in a known 
concentration, were used as a component - actinometer in plasma. The electric 
field strength in plasma (E) and the cathode voltage drop (Uc) were calculated 
from dependences of the discharge voltage on the inter-electrode distance. These 
dependencies are approximated by a linear function with a correlation 
coefficient is not less than 0.99. The emission spectra of the positive column (λ 
= 200 – 950 nm) were recorded by the AvaSpec-3648 spectrometer. Gas 
temperature was found fromthe intensity distribution in the radiation band of N2 
(C3Πu → B3Πg, 0–2) transition as described in /7/. To evaluate the 
reproducibility of the results were performed five independent measurements. 
Limits of the confidence intervals were calculated with a confidence level 0.9. 

The emission spectrum of the discharge with a liquid cathode containing 
the Ba2+ ions (10-4 g/l), K+ (10-4 g/l) ions is shown in Fig. 1. A solution of 
sodium chloride (c = 0.5 mol/l) was used as background additional electrolyte. 

 
Fig. 1 - The emission spectrum of the discharge (i = 50 mA) 

 
The emission intensities of analysed atoms lines are directly proportional to 

the concentration of respective cations in the liquid cathode, but the values are 
significantly various for different concentrations of sodium chloride. The 
dependences of the relative intensity of Cu atoms emission lines (λ = 324.7 nm), 
Ni atoms emission lines (λ = 361.9 nm), Mg atoms emission lines (λ = 285.3 
nm), Ba atoms emission lines (λ = 553.6 nm) on the concentration of the 
additional electrolyte NaCl are shown in Fig. 2. Minimum value of the intensity 
is observed without of NaCl in the solution, the maximum is observed in 
additional electrolyte concentration 0.05 mol/l. At least there are two reasons of 
influences of the sodium chloride additive in liquid cathode on the intensity of 
emission analyzed atoms. First, NaCl additive changes the value of the cathode 
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voltage drop which in its turn determines the average energy of positive ions 
bombarding the surface of liquid cathode and the rate of cathode sputtering. 
Second, the electric field strength in plasma and character of the electron energy 
distribution function are changed and as a result the rates of excitation of the 
emitting states by electron impact are altered. 

 
Fig. 2 - The intensities of the analysed atoms lines at various concentrations 

of sodium chloride in solution 
 
Thus, the presence of any additional cation can affect the reliability of the 

obtained values of the concentrations of the analyzed ions at the analysis of the 
solution by the method of emission spectroscopy of plasma. 

A possible solution to this problem is to add an aliquot of the metal salt 
solution to the measured solution and further determination of the number of the 
atoms of the metal to be analyzed in the plasma by actinometry. In this case, the 
actinometer was acted upon by the metal atoms. Using the transfer coefficients 
the concentrations of the corresponding cations in the solution are determined 
from the known number of atoms of the analyzed metal in the plasma. The 
actinometric component in the plasma was potassium atoms, the cations of 
which were added to the solution being analyzed. To determine the 
concentration of the metals under analysis we used the ratio of the emission 
intensities of the K atoms (λ=766.9 nm, 4р→4s), the Cu (λ=324.8 nm,  
3d10(1S)4p→3d10(1S)4s) , Ni (λ = 361.9 nm, 3d9(2D)4p→3d9(2D)4s). 

  The results of the analysis of solutions of nickel and copper (II) chlorides 
are presented in the Table 1. 
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Table 1 - The concentrations of ions of copper (II) and nickel in solution 
obtained by the method of actinometry of plasma 

С(Cu2+), g/l С(Ni2+), g/l Experiment 
Conditions input obtained input obtained 

i = 50 mA,  
CNaCl = 0 mol/l 

5·10-6
 (4.8±0.3)·10-6

 5·10-6
 (4.7±0.4)·10-6

 

i = 50 mA,  
CNaCl = 0 mol/l 

1·10-5 (9.5±0.7)·10-6 1·10-5 (9.3±0.8)·10-6 

i = 50 mA,  
CNaCl = 0.001 mol/l

5·10-6 (4.6±0.5)·10-6 5·10-6 (4.9±0.4)·10-6 

i = 50 mA,  
CNaCl = 0.1 mol/l 

5·10-6 (4.5±0.5)·10-6 5·10-6 (4.6±0.5)·10-6 

 
Thus, the method of optical actinometry of atmospheric pressure discharge 

plasma makes it possible to determine the concentrations of metal cations in 
solutions oblivious of the presence of additional electrolytes. 
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Abstract. Search of new methods for obtaining metallic powders satisfying 

additive technologies requirements is an urgent task. In the work, studies have 

been carried out to obtain a 17-4 PH powder in a gas discharge plasma with a 

liquid electrode. Regularities characterizing the influence of input power, 

voltage and discharge current on the properties of the powder obtained are 

revealed. The combustion conditions of discharge are determined, at which 

minimum oxidation of powder particles is observed. 

 

1. Introduction 

Selective Laser Melting, metal three dimensional printing, are increasingly 

used in industry /1/. This is primarily due to the appearance of new materials for 

3D printing of metal and ceramic products. /2/. At the moment, several 

technologies are known for the production of metal powders for SLM. 

Disadvantages of these technological productions: a high particle sizes dispersion 

from 1 μm to 200 μm, which requires additional cleaning and separation, transition 

difficulty of the plant to the another material production, high energy consumption 

of the process, the nanometer range controlling and extracting particles difficulty, 

expensive equipment. Concept of Additive Manufacturing involves individual 

product geometry, as well as the ability to use a wide range of materials /3/.  Next 

stage in the development of the SLM process is the creation of technologies for the 

micro and nanopowder production, which are devoid of the above disadvantages. 

One solution is to use a gas discharge with liquid electrodes /4,5,6/, this method is 

simple and does not require expensive equipment. Therefore, the aim of the work 

was to to obtain a 17-4 PH powder in a gas discharge plasma with a liquid 

electrode. 

 

2. Main part 

Our starting point was a survey paper /7/, which describes the main methods 

of obtaining metal nanoparticles and their oxides. Therefore, the set of possible 
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variants of studies was greatly reduced, and the experimental setup was optimized. 

Fig. 1 shows the functional scheme of the experimental setup, which consists: 

an electric power supply system 1, an electrolytic bath 2, an electrode system 3, an 

oscilloscope 4, an additional resistance 5, a voltmeter 6, an ammeter 7 and a 

thermocouple 8. With electrode system, the distance between the anode and the 

electrolyte solution was monitored. With oscilloscope 4, the shape of the applied 

voltage and current was monitored, the ammeter and voltmeter were used to 

measure discharge current and voltage. The electric power supply system 1 

represents a high-voltage DC power source for creating and maintaining electric 

discharge combustion with smooth regulation of the output voltage in the range 

from 0 - 3 kV and current 0-10A. Voltage and discharge current were measured by 

two digital universal measuring devices MMH-930 and APPA 109N, the relative 

error of measurement is 0.8%.  

Burning gas discharge occurs between the metal anode made from stailness 

steel 17-4 PH and an electrolytic cathode. The anode is a metal cylinder with 

diameter 5 mm, located above electrolyte surface at height 2 mm. As the 

electrolytic cathode, aqueous solutions of NaCl and Na2CO3 with a concentration of 

0.1-1% by weight were used. 

When certain current and voltage values are reached, a process of spraying the 

metal anode is observed. Most of the powder enters the electrolytic cathode and 

crystallizes. In parallel, there is a process of liquid electrode evaporation. The 

resulting powder was cleaned by deionized water and dried in a drying oven. The 

morphology of the powder was studied using a scanning electron microscope, Carl 

Zeiss EVO 50. The dispersion composition was determined by sieving with a sieve 

set of sieves of from 10 to 300 microns. The average sieving time was 45 minutes. 

The microhardness was measured with a PMT-3M device, using the Vickers 

method. The powder was mixed with cyanoacrylate and pressed into tablets, which 

were then ground and polished. The resulting microsections were examined at a 

load of 50 gauss, a holding time of 25 s and 5 prints. Analysis of the chemical 

composition was determined with the aid of a scanning electron microscope 

attachment of an energy-dispersive electron-probe spectrometer Oxford 

Instruments Inca X-act. 

The formation of the powder occurs when the surface temperature of the 

anode reaches the appropriate solidus temperature. When the liquidus temperature 

is reached, the electrode is melted and large drops of metal are formed. Proceeding 

from this, the powder can be produced in the temperature range of the liquidus and 

solidus anode. An increase in temperature will lead to an increase in the 

productivity of the powder, but with an increase in the particle size of the powder. 
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The largest amount of powder is obtained by a size smaller than 40 μm. 
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Fig. 1 – The scheme of the 

experimental setup 

Fig. 2 – Powder distribution 

histogram 
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Fig. 3 – SEM images of steel powder made by plasma-electrolyte process 

Fig. 3 shows SEM images of the resulting powders. The powder has a 

spherical shape, the smallest particle size is 0.5 μm. The resulting powder is 

suitable for use in selective laser alloying plants. However, the need for further 

research related to the increase of the process productivity by increasing the anode 

area definition and dynamic characteristics of the powder. 

The formation of a metal powder occurs as melting result of surface with 

plasma of gas discharge. The main factors influencing powder production are the 

power of  gas, the amount of thermal energy supplied to the surface of the 

electrode, and the energy of the ions bombarding the surface of the cathode, the 

amount of heat withdrawn from the system through the electrode. By changing all 

of the above factors, it is possible to control the rate of fusion of the electrode 

surface and the size of the resulting metallic particles.  
 

3.Results 

Study of the gas discharge combustion between metal electrode stailness steel 

17-4 PH and liquid electrodes have shown the possibility of obtaining a spherical 

powder with a particle dispersion from 0.5 to 40 μm. Analysis of the obtained SEM 

photographs shows similarity with the powder obtained by the gas atomization 

method. Influence of gas discharge parameters on process productivity and size of 

particles obtained is determined.  
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 By using double pulse laser ablation in a liquid (distilled water, ethanol) copper (CuO) 
and zinc (ZnO) oxides nanoparticles (NPs) promising for solar cells were synthesized. 
With the applying of absorption spectroscopy, transmission and scanning electron 
microscopy the optical and structural-morphological properties of the formed particles 
were studied. The possibility of film layers creating by depositing and assembling 
colloidal particles in organized structures on the surface of an indium-tin oxide (ITO) 
substrate was demonstrated. 
 
 In the search for new and alternative sources of energy, solar cells are of great interest 
as the most suitable choice for creating environmentally friendly and efficient energy 
sources. Increasing the efficiency and reducing the cost of solar cells is one of the most 
important issues of solar energy. 
Materials for photovoltaic elements of the third generation should be effective, stable, 
produced by environmentally friendly, energy-efficient and low-cost technologies. An 
important role in solving this problem can be played semiconductor nanomaterials, in 
particular, metal oxides and silicon quantum dots [1-8]. They are of particular interest as 
the most promising materials for solar cells in connection with the new optical and 
electronic properties, attributed due to surface and quantum-size effects. For instance, 
copper oxide (CuO) is a p-type semiconductor with a band gap energy of 1.5 eV, that is 
close to an ideal energy gap of 1.4 eV required in solar cells to ensure effective absorption 
of solar radiation. As it was demonstrated in [6] the introduction of optimal concentration 
of CuO nanoparticles into solar cells leads to the achievement of an energy conversion 
efficiency of the order of 40%. Dispersed in a semiconductor polymer, ZnO nanoparticles 
form the active layer of the solar cell, which is capable of converting up to 40% of the 
incident photons at a wavelength of 500 nm. [7]. Heterojunctions of solar cells based on 
inorganic semiconductors can be fabricated using several oxides. For example, devices 
based on a binary active layer consisting of p-type of CuO NPs and n-type ZnO NPs are 
known [8]. Typically, thermal annealing and vapor deposition are used to fabricate such 
heterojunctions. However, the task of developing new more efficient technologies for the 
synthesis of nanostructures for photovoltaic elements remains urgent. 
 1. Experimental procedure 
 For the synthesis of nanoparticles, Nd: YAG laser (LOTIS TII, LS 2134D) operating 
at double-pulse mode at the fundamental frequency (1064 nm, energy 80 mJ/pulse, 
repetition rate 10 Hz, pulse duration 10 ns, interpulse delay τ=10 μs) was used. A 
compressed zinc oxide (ZnO) and copper oxide (CuO) tablets were applied as a targets. 
The ablation of the targets in ethanol was carried out for 15 minutes. The laser radiation 
power density on the target surface was 108-109 W / cm2. Deposition from the solution of 
particles onto ITO substrate (Fig.1) was carried out by spin-coating method. Several drops 
of the colloidal solution were deposited on the substrate of  25x25 mm2 in size, which was 
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rotated until the solvent completely dried out, and then the process was repeated until a 
film of sufficient thickness was formed.  
 

 
 

Fig.1 - Schematic diagram of a heterostructural photovoltaic cell (on the left) and an 
experiment scheme (on the right) for obtaining nanoscale particles during laser ablation in 
a liquid (1 - cuvette with a solution, 2 - solid-state target, 3 - nanoparticles) 
 
 The morphology and structure of the NPs obtained and the deposited structures were 
analyzed using transmission electron microscopy (TEM), absorption and Raman 
spectroscopy. Measurements of the absorption spectra were carried out with Cary-500 
Scan spectrophotometer at room temperature in the wavelength range from 200 to 700 nm 
in 1 cm quartz cuvette. 
 2. Results and discussion 
 As follows from the results of the TEM investigations, the developed synthesis 
method makes it possible to obtain spherical NPs with an average size of 5-30 nm. As an 
example, Fig. 2 shows a TEM image of zinc oxide NPs. Photomicrographs of ZnO 
particles show groups consisting of separate almost spherical particles. The average 
particle diameter is in the range of 10-20 nm. 

   
Fig. 2 - TEM images of zinc oxide nanoparticles (right) obtained by laser ablation in 
distilled water. 
 
 A typical absorption spectrum of a colloidal solution of the resulting zinc oxide NPs 
consisted of a broad band in the UV spectral region with a rapid rise in absorption near 
the band gap, which is characteristic of semiconductor materials. This type of absorption 
spectrum with a rise at a wavelength of λ ~ 370 nm (Fig. 3,) corresponds to the formation 
of zinc monoxide particles [3]. 
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 The absorption spectrum given in the coordinates (αhν)2 of (hν) allows us to estimate 
the band gap of a semiconductor. According to the theory of interband optical transitions, 
in semiconductors in the case of allowed direct transitions, the dependence of the 
absorption coefficient α on the photon energy hν is expressed as follows [4]: 

α=A(hν-Eg)1/2, (hν>Eg), 
where Eg is the width of the band gap. The coefficient A is inversely proportional to the 
photon energy. To estimate the band gap Eg, we plot the dependence of (αhν)2 vs hν. 
 Fig. 3 demonstrates dependence (αhν)2 vs the photon energy hν for ZnO nanoparticles. 
The curve is extrapolated by straight lines to the point of intersection with the horizontal 
axis. The absorption coefficient α was estimated from the measured optical density D and 
the thickness of the absorbing layer l, using the ratio α= D/0.43·l. As can be seen, the band 
gap was about 3.0 eV, which is somewhat less than for a massive material (Eg = 3.37 eV). 
This can be caused both by the size effect and by the formation of defective energy levels 
near the bottom of the conduction band, for example, due to non-stoichiometry of the 
ablation process. 
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Figure 3 - Absorption spectrum of the ZnO NPs in water obtained by laser ablation of 
ZnO target (left), and the same spectrum in (αhν)2 - hν coordinates (on the right). 
 
 A scanning electronic microscope LEO-1420 was used to study the morphology of 
deposited on ITO structures. Fig. 4 represents surface coated with ZnO. As can be seen, 
the resulting structure is fairly uniform, the nanoparticle agglomerates do not exceed 
50 nm. 
 

 
Fig. 4. SEM microphotographs of the structure of ZnO deposited on ITO by the spin-
coating method 
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 Conclusion 
 Thus, the method of laser ablation in liquids can be an effective tool for preparation of  
metal oxide NPs promising for use in the new generation solar cells. It is shown that the 
composition, structure, and optical properties of the synthesized particles can be changed 
by varying the experimental conditions. The possibility of forming film structures by 
depositing and assembling colloidal particles in organized structures on the surface of an 
indium-tin oxide (ITO) substrate was demonstrated. 
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4. NON-IDEAL AND DUSTY PLASMAS, FUSION AND 
ASTROPHYSICAL PLASMAS 



 



DISSIPATIVE DUST STRUCTURES IN PLASMA: EVOLUTION AND 
ENTROPY 
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The dust particles in plasma is quasi-neutral system (dusty plasma) 

containing micron-sized charged particles of substance with electrical charges 
up to 102-105e. Most of the laboratory studies of dusty plasmas are carried out in 
weakly ionized gas discharge plasmas. As a result of strong interaction of the 
strongly charged dust particles they may form the open dissipative ordered 
structures of liquid and crystal types that are different from gas-like or chaotic 
systems. The laboratory dusty plasma is the unique object for studying the 
structure, phase transitions and transport properties of the systems of interacting 
grains on the “kinetic level”. 

Brownian motion of metal coated grains, suspended in rf gas discharge, 
was studied under laser radiation action. The radiation could be considered as 
low entropy radiation. The motion is caused by photophoresis: i.e., absorption of 
a laser at the metal-coated surface of the particle creates radiometric force which 
in turn drives the particle. The grains can take sufficiently high electrical charge 
(~102-105 of electron charge) under the flows of plasma particles. The action of 
external forces and forces of interparticle interaction combined with dissipative 
mechanisms in these systems can lead to the self-organization (evolution) of the 
system, resulting in formation of quasi-stationary crystal- or liquid-like 
structures. We observed experimentally the active Brownian motion caused by 
radiometric force at different Coulomb coupling of the charged grains. As a 
result, we present our studies the evolution of dissipative dust structures strongly 
coupled systems of charged dust particles driven by low entropy laser radiation. 
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BROWNIAN MOTION OF MACRO PARTICLES IN A TWO-
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EXTERNAL IMPACT. SIMULATION RESULTS 
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The ability to observe the motion of individual particles using a simple 

optical technique makes dusty plasma /1/ a unique object of study of transport 
processes, self-organization, phase transitions at the kinetic level. A special place 
in these studies take works devoted processes occurring under the action of 
external perturbation /2, 3/. From the point of view of simplicity of observation, 
two-dimensional systems of dust particles have several advantages. Such a system 
can formed in the near-electrode zone of the high-frequency capacitive low-
pressure discharge. For example, particles of melamine formaldehyde (MF) of 
micron size can serve as a dust component. To perform external actions on 
particles, in particular, laser radiation can used. The laser action based on the light 
pressure force applied to the dust particles in the radiation zone. In addition, the 
radiation can also heat the surface of the particles and thus cause the appearance 
of thermophoretic forces acting on the particles. Experimental studies of systems 
of interacting dust particles in a plasma can also supplemented by their modeling, 
for example, by methods of molecular dynamics (MD). This makes it possible to 
reveal even more in detail the regularities of the physical phenomena that occur 
/4/. This work is devoted to MD simulation of the dynamics of charged dust 
particles under the action of laser radiation in a two-dimensional system located 
in a low-pressure gas discharge plasma. The action of the laser is considered as a 
rendering the force of light pressure to particles in the radiation zone. The round 
area was filled with particles, the density of the material corresponding to the 
density of the MF. The particle radius rd was chosen to be 10 μm, the initial 
interparticle distance a =1 mm. Temporal integration step was taken equal to one 
hundredth of the value of the dust component inverse plasma frequency. The value 
of the particle charge Zd was of the order of 10,000 electron charges. The particles 
interact among themselves through the known Yukawa potential: 

 
𝜑(𝑟) =

𝑍𝑑

𝑟
𝑒𝑥𝑝 (−

𝑟

𝜆𝐷
),     (1) 
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where λD – Debye screening length, which was considered equal to the average 
interparticle distance a. In the right part of the equation of motion of the particle 
(2) successively comprises the terms, which determine the magnitude of pair 
interaction forces, friction forces by neutrals, random Langevin force, radiation 
pressure force by the laser radiation, and an external force from the confinement, 
which keeps the system in the predetermined area. 

  
𝑚𝐫�̈� = −𝑍𝑑 ∑ ∇ 𝜑 − 𝑚𝛾�̇�𝑖 + 𝐋𝑖 + 𝐅𝑙𝑎𝑠𝑒𝑟 + 𝐅𝑐𝑜𝑛𝑓.   (2) 

 
The light-pressure force module is determined from the following expression /5/  
 

𝐹𝑙𝑎𝑠𝑒𝑟 = 𝑞
𝑛 𝜋 𝑟𝑑

2 𝐼𝑙𝑎𝑠𝑒𝑟

𝑐
,    (3) 

 

where q is the dimensionless factor that is determined by the reflection, 
transmission and absorption of photons on the particle, n is the refractive index of 
the medium around the particle, Ilaser is the intensity of laser radiation proportional 
of power P, c is the speed of light. Direct action of this force is carried out only 
in the zone of the laser beam. 

One of the main parameters of the 2D plasma-dust system is the effective 
nonideality parameter /6/. 

Γ0
∗ =

3𝑍𝑑
2

2𝑎𝑇𝑑
{(

𝜅2

2
+ 𝜅 + 1) 𝑒𝑥𝑝(−𝜅)}

1

2   (4) 
 

Here Td – kinetic temperature of dust particle, and 𝜅 =
𝑎

𝜆𝐷
. 

In the course of solving equation (2), data on the coordinates and velocities 
of the particles of the system were obtained. The obtained data were used to 
calculate the time dependence of the ratio of the mean square displacement of 
particles to the doubled time: 

 

𝐷(𝑡) =
〈∆𝜉2〉

2𝑡
.     (5) 

 
For large times, this function takes the value of the so-called effective self-

diffusion coefficient /6, 7/. By determining Td in the laser radiation zone, the 
nonideality parameter Га

* for this region was calculated. 
In Fig. 1 a) shows the appearance of the simulated area and displays the 

trajectories of the particles during 10 seconds at the absence of laser radiation. 
Fig. 1 b) shows the graphs of the function (5) for two mutually perpendicular 
directions. It can be seen that the function D (t) has a pronounced maximum, 
which is characteristic for systems of interacting particles /6/. In Fig. 2 shows the 
particle trajectories in 10 seconds in the case of laser action a) and function (5) at 
different values of radiation power b), c) and d). 
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a       b 

Fig. 1. 
 

    
a       b 

 

  
c      d 

Fig. 2. 
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The steady-state value of the function D(t) increases with increasing 
radiation power from 50 to 70 W, but it again decreases with increasing power up 
to 90 W. In this case, this behavior is characteristic only for the direction of the 
laser beam coinciding with the direction of propagation. The values of the 
effective parameter of the nonideality of the dust subsystem in the laser action 
zone are minimal at the maximum values of D(t) and are maximal at the minimum 
D(t). 

Thus, it can be concluded from the simulation that the transfer processes in 
the plasma-dust system do not depend monotonically on the magnitude of the 
external action. 
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Recently, new applications of dust particles are emerging; there is growing 

demand for particles with special properties, and for particle-seeded composite 

materials. DC low pressure glow discharge plasma offer a unique possibility of 

confinement, control and fine tailoring of particle properties. The interaction 

between plasma and injected microparticles can also be used as a diagnostic tool 

for the study of complex plasma /1,2/. In this report we are talking about the 

processing of monodisperse spherical melamine formaldehyde (MF-R) particles 

(11.6 ± 0.4 μm in diameter with a density of 1.5 g/cm
3
) suspended in neon 

discharge plasmas. First, we will present the conditions under which the 

experiment was conducted. Secondly, we will describe the modification of 

spherical microparticles as a result of this experiment. 

Neon discharge tube (the vertical part of the tube h=10 cm; radius R=0.7 

cm) has already been used in similar experiments /3-6/. A new problem was to 

determine the maximum possible particle size for levitation in the discharge tube 

and to choose the discharge conditions. The largest melamine-formaldehyde 

particles that could be suspended in DC glow discharge plasmas in this tube 

were spherical particles 11.6 ± 0.4 μm in diameter. Plasma traps were formed in 

the discharge tube under the following conditions: Ne, p = 25 ±5 Pa, i = 2.1 ± 

0.2 mA. When particles intentionally injected into a discharge from special 

container, they rapidly acquired a negative charge and densely fill the space in 

the region of the stratum, in which the vertical electric field is large enough. 

Without external influence, the microparticles remained trapped for a long time. 

The dispersion in the mass of the initial particles was small, so the levitation 

conditions were satisfied for the majority of the injected particles. The particles 

were exposed to the plasma for a predetermined time (5-40 min) and extracted 

from the gas discharge tube for further analysis. 

The analysis of the modification of microspheres was carried out using the 

Merlin Zeiss scanning electron microscope. In a scanning electron microscope, a 

rastering electron beam is used to form an image. The image quality is affected 

by the charging of an object by electrons, which leads to diffusion of contrast 

boundaries. To lower the charge of the object (a melamine-formaldehyde 

particle), we used the mode of low accelerating voltages and small electron 

beam currents. Dozens of the most successful 2D images with nanometer 

resolution were used for determination of the particle size with Smart Tiff 
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(ZEISS) software. A fragment of the image is shown in Fig.1. 

 

  
 

Fig. 1 – A fragment of the electron microscope image. Two spherical particles: the 

original particle and the degraded particle treated with plasma for 20 minutes 

 

 
Fig. 2 – Variations in particle diameter depending on the time of residence in the plasma  
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The second result of the studies was the observed change in the surface 

morphology, which also became perceptible at exposure times of more than 10 

minutes (Fig.3). 

 

                 
 

Fig. 3 – Fragments of the electron microscope image. Surface of particles: the original 

particle and the degraded particle treated with plasma for 20 minutes 

 

For particles that still could be trapped in plasmas in discharge tube from 

/3-6/, the maximum diameter was determined. The conditions were chosen so 

that the particles hung up in dust-plasma traps and were under the action of the 

plasma for 5–40 min. The reduction in particle size and changing of surface 

morphology which were previously detected for smaller particles (7.3± 0.4 μm) 

was confirmed. There are still questions about the mechanism of modification of 

polymer particles in dusty plasmas. In a low-temperature plasma of inert gases, 

energy of atoms and ions does not exceed hundredths of eV, the melting point of 

melamine-formaldehyde resin is about 350°С. Comprehensive nanoscale 

modification of microparticles can be caused by ion flux incident on each 

particle under condition of maintenance of its stationary charge. Ions are 

accelerated by an electrostatic field of surface charge, acquire energy of about 

10 eV. It is enough to softening the surface layer and knocking out the material. 

It is also worth noting that reducing the diameter by 50% (25 min) gives a 

significant change in the negative charge of the particles. Thus, the dusty 

plasmas can be used for surface treatment of particles, modification of surface 

morphology and the manufacture of particles. 
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1. Introduction 
A key obstacle to successful magnetic fusion energy production is current 

limits on our understanding of, and our ability to control, various plasma 
transient events. Accurate prediction, control, and mitigation of PFC responses 
to instabilities (e.g., disruption, edge-localized modes (ELMs), vertical 
displacement events (VDEs), and runaway electrons) are essential for safe and 
reliable operation of Tokamak fusion devices.  While simulation through 
comprehensive computer models of the HEIGHTS (High Energy Interaction 
with General Heterogeneous Target Systems) package /1-3/ has successfully 
enabled investigation of many aspects of plasma-material interaction (PMI) 
phenomena during transient events, advanced numerical tools and solution 
methods in an integrated parallel environment are urgently needed to efficiently 
couple these key areas including plasma/material interaction, boundary-surface 
and impurity transport, and core plasma in B field dynamic structure to ensure 
high accuracy of the simulation results while minimizing execution time. 

Available experimental data of current tokamak devices and theoretical 
predictions show that future ITER-like surfaces should be resistant both to 
steady state heat flux of up to 20 MW/m2 and to major transient (τ = 0.1 − 10 ms) 
events of up to 10 GW/m2. These values are estimates based on the current 
understanding and extrapolations from existing devices.  High particle and heat 
fluxes can cause high surface sputtering erosion, melt and vaporization erosion, 
plasma contamination, and possible components failure that can disrupt the 
expected normal and safe operation of the reactor. The reactor geometry, the 
magnetic configuration, and the interaction processes in the SOL determine not 
only heat transport and loads to component surfaces but also play an important 
role in plasma confinement and control the transition to the H-mode operation.  

 
2. Model details 

Our preliminary simulations were significantly improved when the SOL 
plasma transport problem was divided into the following subtasks: 1) MHD of 
the escaping core plasma, starting from the last closed flux surface (LCFS); and 
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2) and MHD of the SOL neutrals (background gas)/4/. Recent investigations 
have shown that including details of the SOL transport and implementation of 
various hybrid approaches are very important for better modeling of 
divertor/wall damage and the evolvedmini plasma evolution to correctly predict 
components heat loads /5/.  

HEIGHTS integrated models are continuously being enhanced to include 
fine details of various reactor geometries (e.g., ITER, NSTX, etc.) for the 3-D 
simulation of reactor environment (e.g., Fig. 1). We developed, for the first time, 
comprehensive kinetic Monte Carlo model for the simulation of the escaping 
core plasma and for the prediction of heat load to all plasma-facing components 
using the entire 3D device geometry. The detailed description of the escaping 
core particles into the SOL was implemented into the integrated model to be 
used as the input volumetric power source in the MHD module /3/. Based on the 
various advantages of the splitting processes used in solution of the transport 
problem, our upgraded model includes both of the two separated subtasks (i.e., 
MC and MHD), however, we do not use any fitting parameters or averages from 
continuum media, i.e., we do not solve Navier-Stokes equations for the escaped 
core D/T plasma. All the physical processes included into HEIGHTS integrated 
modules are interconnected. For example, the escaped core plasma particles 
initiate divertor surface vaporization and further vapor heating leading to the 
secondary plasma formation. The MHD 
evolution of the secondary plasma 
redistributes the density temporal and 
spatial profiles in SOL and 
consequently changes the scattering 
processes and the interactions of the 
escaping core particles. We simulate the 
motion of the escaping core plasma as 
individual particles composed of 
deuterons, tritons, and electrons 
escaping along the complex 
electromagnetic field structure of the 
entire device. The advantages of our 
approach are the ability to study various 
drifts phenomena, to separately divide 
the contribution of different ions and 
electrons into components heat loads, 
and to exclude artificial fitting 
parameters usually used in the 
description of anomalous transport 
properties. The particles motion is   Fig.1 –  Model mapping for current 

ITER design in HEIGHTS 
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calculated using ab-initio models with simulation of all possible scatterings 
processes and their probabilities along their path. 

To preserve the multiscale approach in our integrated physical and 
mathematical models and to ensure reasonable accuracy, we used the adaptive 
mesh refinement (AMR) algorithms with unstructured grid geometry /6/ and 
applied the TVD-LF method to the quadtree mesh in the finite volume approach. 
The details of such implementation can be found in Refs. 7. Calculation of these 
terms is based on the energy deposition into the solid walls following the MC 
model of the escaping core plasma /7/.The gyrokinetic model determines 
evolution of the fuel plasma particles (D, T, and e) starting from escaping the 
LCFS, motion through the SOL including both toroidal rotation and Larmor 
gyration, and ending in the solid/liquid matter of the tokamak components.  The 
particle evolution included also various possible events: 1) return back into the 
core plasma, 2) scattering in the SOL from the secondary evolving divertor 
plasma or from the neutral vapor of the divertor cold vaporized material, 3) 
penetration into the liquid/solid matter of the component as well as scattering 
underneath the surface, 4) collisional cascade processes and slowing down 
inside the target materials. Penetration into the solid matter and scatterings 
processes under the surface determine the spatial energy deposition in the walls 
due to the core plasma impact and the resulting appropriate thermal response. 
Subsequent solution of the heat conduction problems in solid/liquid material 
provides the resulting vapor amount needed to initiate the MHD evolution of the 
divertor material. Here we stress that the MC recalculations should be done 
dynamically, i.e., in parallel to the MHD processes to have accurate energy 
deposition into the secondary plasma, vapor, and solid wall /3/.  

 
3. Simulation results 

The main goal of presented work is, for the first time, to simulate the 
dynamic interaction of the escaped core plasma particles flow and the resulting 
secondary divertor plasma during transient disruptions and ELMs in full 3-D 
real ITER geometry with exact dimensions and to predict details of thermal 
response and damage to various plasma-facing and surrounding components. 
These include inner and outer divertor plates, inner and outer reflector plates, 
inner and outer baffles, inner and outer stainless steel “umbrella” tubes, dome 
structure, and the lower parts of the inner and outer Be first walls.  

Figure 2 shows a comparison between the response of the inner divertor 
plates, inner W reflector plate, inner SS tube structure, and the W dome. The 
calculation shown is for 0.1 ms full disruption event. The figure clearly shows 
that using C as divertor plate will protect nearby components such as the 
reflector plates, the SS tube structure, and the dome much better than a W 
divertor plate for the parameters studied in this case. In fact, no potential melting 
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or vaporization of all 
these components 
occurs compared to 
the case of W divertor 
plate in which these 
three components 
would be damaged. 
However, the 
response of these 
components and 
others for different 
disruption parameters 
and conditions could 
be different if the 
divertor plates were 
made of C instead of 
W. In addition, the 
hot-generated less-
radiative C plasma 
may travel farther and 
damage other 
components. In 
summary, analysis of 
various mitigation and 
innovative methods to 
protect the internal 
components must be 
studied in detail using 
full 3-D integrated 
realistic geometry and 
design features. These 
should include pellet 

injection, massive gas 
puffing, innovative 
materials, better design 
innovation, use of 
liquid metals, etc. 
Currently, the ITER 
design configuration may not be durable to accommodate and survive single 
unmitigated major plasma instability event.  This should be taken very seriously 

Fig. 2-  Response of nearby components (outer 
reflector 7, outer SS Tube 6, Dome 5) for different 

divertor plate materials: (a) W divertor 2, 8;  
and (b) C divertor 2, 8. 
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and investigated in detail since it has great implication for the success of the 
tokamak concept and in particular ITER current design as future energy 
producing devices. 

4. C

odified or new design may be needed to prevent this 
dama

5. A

boratory.This work was partially supported by the National 
Science Foundation. 

01. 

2010) 115004. 

. Sizyuk V. and Hassanein A.Journal of Nuclear Materials, 438(2013) S809. 

 

 
onclusion 
In summary, our comprehensive results show, for the first time, that 

transient events, including even those with longer durations, could cause 
significant melting and vaporization damage to most interior and hidden plasma-
facing and related components, including the first walls that were not directly 
exposed to the original disrupting plasma particles.The current ITER divertor 
design may need to be m

ge.   
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Abstract. In the present thesis we discuss in details the problems of the 

obtaining of steady dust structures in the trap in standing striation in the glow 

discharge at a partial magnetizing of the plasma component. 

In the experiment the dusty plasma was created in glow discharge in the 

long discharge tube placed in the magnetic field created by a superconducting 

magnet. The dynamics of rotation of dust structure at the chosen discharge 

parameters depending on magnetic induction is measured. 

 

Introduction. One of the methods of studying of complex plasma /1-4/ is 

the imposing the external influences and observation of reaction of system. The 

magnetic field is one of productive influences. It strongly impacts on the dc 

discharge; plasma loses the stability and the instabilities are arises /5-6/. 

After the several successful researches of complex plasma in the weak 

magnetic field, for example /7-10/, the advance of experiments to the area of big 

magnetic fields was met by difficulties. So, in /11/ the observations in fields up 

to 40000 G were made but presented only for rf discharge. Researches in 

striations of the glow discharge showed rich physics, several competing 

mechanisms playing the dominating role in the different range of magnetic field 

/12-14/. Several years were required to sequentially explain the physical 

processes defining rotation of dust structures /15-18/. 

Experiment. The experiment was made in the discharge tube placed in the 

warm hole of a cryogenic magnet in such a way that the first striation from the 

cathode was in the middle of the conductive solenoid, see Fig.1. The cryogenic 

magnet consists of the superconducting material solenoid with the height of 20 

cm placed in the tank for fluid helium of 20 l which in turn is in the tank for 

fluid nitrogen of 15 l. Outside of the tank for fluid nitrogen there was a tank 

which was pumped out by a turbomolecular post to 10-4 Torr. The magnetic 

field was created in the range from 0 to 1 T. The vector of induction was 

directed upward.  

In the discharge tube with inner diameter of 20 mm and the length of 1,5 m 

the stratified discharge in neon with the pressure of 0,6 Tor and discharge 

current of 1,4 mA was ignited. The dust structure in the striation was formed of 

quartz particles with the size of the levitating particles of 6 microns determined 

according to. Illumination of dust cloud was carried out by means of a laser 
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knife which was formed in the warm hole of cryogenic magnet in the area of 

observed strata by means of periscopic system and the laser of 650 nanometers 

and 40 mW. The video of dynamics of dust structures was made through the top 

face window of the discharge tube and through a prism. All measurements were 

implemented in the solenoid in the distance of 0 – 3 cm from its center. 

 

 
Fig. 1 – A general view of the cryostat with the cryomagnet; 1 – location of the centre of 

solenoid; 2 – glass discharge tube. The superconducting solenoid is in the bottom part of the 

cryostat, its length is 193 mm, the diameter is 146 mm, the diameter of the warm hole is 60 

mm 

 

Results. At a zero magnetic field the structure with the diameter about 5 

mm and the height about 10 mm having in the average horizontal section about 

1000 particles was formed in the striation. At increase in magnetic field up to 

800 G the form and number of particles in structure remained. 

In the magnetic field dusty plasma comes to rotation. For its quantitative 

characteristic the projection of the angular velocity of rotation to magnetic 

induction vector is used. On graphics of Fig.2 the dependence of the projection 

of angular velocity of rotation of the averages horizontal section of dust 

structure in the striation on magnetic field is presented. The projection is 

positive if the vector of angular velocity is directed upward. 

When the value of magnetic field achieved 800 G the void which diameter 

increased with magnetic field was formed in the horizontal section of structure; 

particles was scattered from the structure. In magnetic field about 2000 G we 

injected particles; they were not built in. New structure was created only at 2500 

G. This structure was created without void.  
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The growth of an angular velocity of structure in this range of magnetic 

fields stopped. The angular velocity began to increase only after injecting of 

new particles.  

 

 
Fig. 2 – The dependence of the projection of the angular velocity of rotation of dust structure 

to the direction of the magnetic induction on magnetic induction. Conditions: Ne, p=0,6 Torr, 

i=1,4 mA, polydisperse particles of quartz 
 

The obtained dependence of the projection of angular velocity of rotation in 

the range of 0 - 1100 G qualitatively repeated the dependences obtained earlier 

in weak magnetic fields /11-14,16-18/. The value of the negative projection of 

an angular velocity reaches 0,1 rad/s; inversion of rotation occurs at 300 G. In 

this range of the magnetic field (less than 300 G) the ion drag force acts as the 

rotation mechanism; the drag by the rotating gas because of electron eddy 

current in the striation acts in the magnetic field over 300 G.  

At further increasing of magnetic field beginning from 1000 G the angular 

velocity ceases to grow quickly and tends to the value 3 – 4 rad/s with some 

deviations; it was observed at several repeated experiments. 
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Introduction 

 

The investigation of dust particle oscillations, induced by themselves or by 

external drive forces, is important for understanding the dynamic processes in 

dusty plasma systems. For example, the oscillatory motion of dust particles was 

exploited to obtain insight into the mechanism for the efficient energy transfer 

between degrees of freedom of the dusty plasma system. In /1/ it was shown that 

the particle charge fluctuation is the reason for the appearance of forced 

resonance, which heats vertical oscillations.  

Investigation of the dust oscillations is one of the methods used to determine 

the dust particle charge. In /2/ authors had proposed the method, in which the 

resonant frequency and damping coefficient of dust particle oscillations in the 

sheath of rf discharge was used to determine particle charge. The vertical 

oscillations of the single-layer dust crystal were excited by rf voltage 

modulation.  

In the paper /3/ the experimental method of dust particle charge determination 

based on the particle oscillations was suggested too. In the experiment the 

relaxation oscillations of a single dust particle caused by low-frequency 

discharge current modulation were observed. The calculation of the dust particle 

charge with the help of the eigenfrequency and damping coefficient was made. 

In /3/ the theoretical method of the dust particle charge calculation in 

consideration of the non-locality effect, which occurs in the stratified glow 

discharge of low pressures and small currents was proposed.   

In the present paper, the vertical oscillations of a single dust particle induced 

by discharge current modulation are investigated in a stratified glow discharge. 

Amplitude-frequency characteristics (AFC) in dependence on pressure are 

measured. The AFC measurements for different shapes of modulating signals 

were made. The quantitative description of the resonance behaviour of the dust 
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particle based on the theory of the forced harmonic oscillator was made. The 

calculation of the dust particle charge with the help of eigenfrequency is made. 

The Q-factor of dusty plasma system is measured. 

 

Experiments and results  

 

The experimental investigation was conducted in  stratified glow discharge, 

which produced in neon in the range of pressures 0.06-0.66 torr and currents 2-

3 mA with calibrated monodisperse spherical melamine formaldehyde particles 

with diameters d=4.10±0.14 μm. The detailed description of the experimental 

setup was presented in /4/. 

The discharge current modulator provides square wave output signals with 

different on/off ratios 𝛼. The current switching from i1 = 2 mA to i2 = 2.6 mA 

leads to the rigid shift of all striations by an order Z  = 2 mm. When the current 

switches back from i1 to i2 the striations return to the initial positions. The 

periodical displacement of the striation excites the vertical oscillation of the dust 

particle.  

The modulation of the discharge current was used to excite the forced vertical 

oscillations of the dust particle. The frequency of the driving force coincides 

with that of current modulation. Under the square wave modulation of discharge 

current, which allowed us to measure the amplitude-frequency characteristic of 

dust particle oscillations, the driving force takes the form 

𝑓(𝑡) = {

𝑓𝑚𝑎𝑥   , 𝑓𝑜𝑟  0 < 𝑡 < 𝛼𝑇
𝑓𝑚𝑖𝑛, 𝑓𝑜𝑟   𝛼𝑇 < 𝑡 < 𝑇

𝑓(𝑡 + (𝑗 + 1)𝑇) = 𝑓(𝑡 + 𝑗𝑇)   𝑗 = 0,1,2 …
 . (1) 

Here, 𝑓𝑚𝑖𝑛, 𝑓𝑚𝑎𝑥 are the values of the driving force corresponding to the current 

values i1, i2, T is the period,  𝛼  is the on/off ratio. 

AFC of dust particle oscillations were obtained in the range of pressures 

p=0.06-0.66 torr. The main resonance peaks at the frequency, close to the 

eigenfrequency of the dusty plasma system, were observed at lowest pressures. 

Maxima at multiple of the resonant frequencies were obtained /4/. 

 

Discussion. 

 

In the present paper the quantitative description of the experimentally 

obtained resonance curves is based on the theory of the forced harmonic 

oscillator. Thus the equation of oscillatory motion of the single dust particle is 

given by obvious relation �̈� + 2𝛽�̇� + 𝜔0
2𝑧 = 𝑓(𝑡), where 𝛽 is the damping 

coefficient, 0  is the eigenfrequency, f(t) is the driving force given by equation 

(1). In the case of the square wave driving force the response function is 
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obtained as the superposition of the response functions of each component in the 

Fourier series expansion of the driving force 

𝐴𝑠𝑞𝑟(𝜔) = ∑
√𝑠𝑖𝑛2(𝑘𝜋𝛼)

𝑘𝜋𝑘 ∗
(𝑓𝑚𝑎𝑥−𝑓𝑚𝑖𝑛)

√(𝜔0
2 −(𝑘𝜔)2)

2
+4𝛽2(𝑘𝜔)2

. (2) 

In figure 1 the multi-resonance curve is shown at pressure of  p= 0.16 torr. 

The AFC of dust particle oscillations obtained under the square wave discharge 

current modulation with on/off ratios 𝛼 = 3/8 and 𝛼 = 1/2 at pressure 

p=0.16 torr were described by equation (2).  In fig. 1 a it is observed that the 

main resonance peak at res  =22.3 Hz and the subharmonic peak at 
2

res  =11.4 

Hz are well described by the theoretical curve. The value of eigenfrequency 

0 21.8   Hz and the damping constant and 14  s
-1

 were determined by fitting 

the experimental data. In fig. 1 b the AFC obtained under the square wave 

discharge current modulation with on/off ratio of 1
2

   is shown at pressure of 

p=0.16 torr. The resonance curve described by equation (2) with the values of 

0 21.6    Hz and 17  s
-1

 shows the main resonance peak at res  and the 

subharmonic peak at 
3

res
as expected. One can see that the value of 

eigenfrequency obtained by fitting the experimental data is of order of 22 Hz 

and it is invariant in pressure and in shape of modulating signal. The error in 

measurement of 0  is about 12%.   

The single dust particle in the striation can be represented as a simple damped 

harmonic oscillator, which qualitative behavior can be determined by Q-factor 

value. Q-factor were determined by the following expression max
1

0

A
Q

A
 , where 

maxA is the amplitude of the main resonance peak, 0A is the static zero-frequency 

offset (see Fig 1, dotted line). At pressure p=0.16 torr the Q-factor value is 

1 5Q  .  

The eigenfrrequency of this the dusty plasma oscillatory system can be 

determined by following relation 0
0

( )

d

qE z

M



 ( 0( )E z  is the derivative of the 

electric field profile at point 0z ) as suggested in [3,4]. The calculation of the 

charge of the single dust particle was made using the value of the 

eigenfrequency obtained through the approximation of the experimental data 

(fig. 1). The value of dust particle charge number d

q
Z

e
 is 4(1.5 0.4)*10dZ   . 

The dust particle charge determined using our experimentaly obtained data 
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differs less than 2 times from values obtained for dust particle of the same 

diameters d=4.10±0.14 μm at pressure p=0.5 torr in /5/. The comparison shows 

that the experimentally obtained charge number is in good agreement with the 

value determined through the relaxation oscillations of a single dust particle 

under the same experimental conditions in /3/. 

 

 
 

Fig. 1 – AFC obtained under the square wave current modulation with 

𝛼 = 3/8 and 𝛼 = 1/2  at pressure p=0.16 torr 

 

The amplitude spectrum is normalized to unity, the symbols represent 

experimental data, 0A  is the static zero-frequency offset, the solid line 

corresponds to approximation curve, described by equation (1). The dashed line 

is the approximation curve, which corresponds to the response function in the 

case of the sinusoidal driving force /4/.  
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At present, there are several theoretical assumptions that the rotation of the 

plasma-dust structures in the stratum in a magnetic field can be caused by the 
presence of a number of irregularities such as the inversion of the radial ion flux, 
which is related either to the local reversal of the field, or to the onset of 
recombination on the dust structure; the effect of narrowing current channel /1-
2/  and  edge effects /3/ In the experiment /2/, a narrowing current channel 
(insert) is used to reduce the influence of the cathode spot on discharge stability 
and the formation of standing striations, and its position determines the position 
of the first standing stratum above the insert, that is, the dust trap, in a 
convenient place for observation.  

In this work, the influence of 
an external magnetic field on the 
dust structure of a glow discharge 
suspended in strata without a 
narrowing current channel (the 
diaphragm in the form of a cone) 
was investigated /4/. The results 
were obtained in the experimental 
setup for studying the properties 
of dusty plasma and plasma-dust 
structures in a glow discharge 
plasma (Fig. 1). Experimental 
condition: gas-argon, pressure P = 
0.1-0.25 Torr, discharge current i 
= 0.5-1.5 mA, induction of 
external magnetic field B = 0-400 
mT. As dust particles, 
polydisperse aluminum with a 
characteristic size of 1 to 10 μm 
was used /3/. 

The measurement was 
carried out in three areas, above (I 

region), under (III region) and between (II region) coils. During the experiment, 
it was found that the dust structure in the first region rotates only clockwise. In 
the second region, where the dust structure is located between the two coils, 

 

 
 

1-anode; 2-strata; 3-plasma-dust 
structures; 4-cathode; 5-coil; 6-laser; 

Fig. 1 - Experimental setup 
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rotational motion is not detected. The dust structure located at the under the coils 
rotates counter-clockwise direction. 

By the results of the experiment the rotational motion of dust structures 
was detected, which direction of rotation of dust structures depends on the 
position of the location of the magnetic coils. The dependence of the average 
angular velocity of dust structures on the induction of the magnetic field for 
different regions was obtained. 
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1. Introduction 

The investigations of the dust acoustic solitary waves in plasmas were 

carried out over a period of more than several decades /1-4/. In these works in 

addition to positive ions and electrons plasmas contain other components, such 

as negative ions or dust particles. Dust acoustic waves in a dust component were 

investigated in a complex low-pressure plasma using the analytical and 

numerical fluid models and kinetic approaches. The main difficulty of this 

problem is that complex plasma is nonlinear medium where the waves of finite 

amplitude cannot be considered independently. Nonlinear phenomena in 

complex plasma are very diverse, due to a large number of different wave 

modes, which can be sustained. The wave amplitude can reach a nonlinear level 

because of different processes. This is not necessarily an external forcing, or the 

wave instabilities – it can also be a regular collective process of nonlinear wave 

steepening. In the absence of dissipation (or, when dissipation is small enough), 

nonlinear steepening can be balanced by wave dispersion which, in turn, can 

result in formation of solitons. When the dissipation is large, it can overcome the 

role of dispersion and then the balance of nonlinearity and dissipation can 

generate shock waves. 

In this paper for the first time, we experimentally show the possibility of 

generation and propagation of the density waves in structures of similarity 

charged dust particles interacting via Coulomb potential in air under normal 

conditions. Dust particles were confined in the linear quadrupole electrodynamic 

trap /5/, when the viscosity energy losses are compensated by the energy 

contribution of the altering electrical fields of the trap. 

2. Experiment 

Our experimental investigations of excitation and development of the dust 

particle density disturbances in the similarity charged particle structures were 

carried out using the linear quadrupole electrodynamic trap (Fig. 1). The trap 

consists of four parallel steel cylindrical electrodes with a diameter of 3 mm and 

a length of 30 cm on which the alternating electric potential Uasin(2πft) with 

frequency f = 50 Hz was applied. The electrodes were placed at the tops of a 

square with a side of 2 cm. The phase shift of electric potential between adjacent 

electrodes was equal to π. At the left end of the trap (Fig. 1) an additional 
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electrode was mounted, to which a constant electrical potential U = 1 kV 

preventing the particles escaping from the trap was supplied. The right end of 

the trap remained open but the end electrode effects /6/ also prevent particle 

from escaping to the right. The electrodynamic trap was placed in a optically 

transparent plastic box for protection against air flows. In this paper we used 

polydisperse Al2O3 particles of 10 to 40 μm in size. The particles were positively 

charged by an induction method on the surface of a flat electrode, to which an 

electric potential of 10 kV was applied. The electrode was brought to the trap 

from below and the particles were drawn inward. For video registration of the 

particles illuminated by a laser beam, the HiSpec 1 video camera was used. 

 
Fig. 1 – The scheme of the trap, front and side views. Notations: 1-4 – the 

electrodes of the trap, 5–the end electrode, 6–confined particles, 7–optically 

transparent plastic box 

Fig. 2 shows the stable structure of charged dust particles obtained at a 

voltage Ua = 3.6 kV. The structure oscillates as a whole with frequency 

f = 50 Hz, the distances between the particles remain constant. 

 
Fig. 2 – Stable structure of charged dust particles in the electrodynamic trap 

Density waves can arise in these Coulomb structures after injection of 

additional particles (Fig. 3). Additional particles were injected into the trap from 

the surface of the flat electrode (Fig. 3(a)), after which a hump density wave 

appears in the Coulomb structure propagating to the right edge of the trap at 

velocity of 4 cm/s (Fig. 3(b)). 
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Fig. 3 – The appearance of hump density waves in the Coulomb structure after 

injection of additional particles 

The appearance of density waves can also occur in stable Coulomb 

structures when the working parameters of the electrodynamic trap were 

changed, for example, when the voltage on the electrode trap was increased up 

to 5.1 kV. Then a dust density waves appear in the long dust particle structure 

(see Fig. 2). During the propagation of such waves, their shape changed 

insignificantly. The propagation of the density wave in the vicinity of the end 

electrode is shown in the Fig. 4. The wave propagates toward the end electrode 

at a velocity of 5.9 cm/s (Fig. 4(a)). After approaching the end electrode for a 

minimum distance of 1 cm (Figure 4(b)), the wave stops for 0.5 s, after which it 

started to propagate in the backward direction at a velocity of 4.1 cm/s 

(Fig. 4(c)). Analogous reflection exists when the hump wave approaches the 

right end of the trap. This reflection occurs due to the longitudinal electric field, 

which exists at the boundary of the trap due to curvature of the electric field 

lines \6\. 
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Fig. 4 – Reflection of the wave from the left end electrode (bright spot) 

3. Conclusion 

In this work, we have demonstrated for the first time the appearance of a 

density wave in the form of a single hump in a quadrupole electrodynamic trap 

in air under normal conditions. We have shown that the generation of density 

waves is possible by adding charged particles to the electrodynamic trap. 
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5. LASER AND PLASMA INTERACTION WITH 
SURFACES 
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High energy particle beams such as laser, electron, ion, and laser beams are 
widely used to modify properties of different materials. The effect of such flows 
in a mode with melting on heterogeneous systems containing the structure which 
ensureы certain properties of such systems leads to, as a rule, to dissolution of 
functional structures and deterioration of the system properties. Thus, a high 
energy impact on high speed steels results in structure homogenization, namely, 
dissolving of Fe3W3C type carbides /1-3/ and softening of the surface layer. In 
spite of surface properties worsening such treatment can be used as high 
temperature quenching. Subsequent annealing allows recovering the structure 
and obtaining more homogeneous distribution of hardening carbides /3/ than 
carbide distribution formed by traditional thermal treatment, thus preventing 
microchipping cutting tools made from high speed steels. 

High energy particle beams treatment of the “coating/substrate” system can 
be used for alloying the substrate material with the coating elements. In 
particular, treatment of this system by compression plasma flows led to melting 
of the coating and substrate surface layer, liquid phase mixing and subsequent 
crystallization under conditions of high speed cooling. The investigation of the 
phase and element composition of the high speed steel surface layer alloyed by 
niobium atoms under the action of compression plasma flows was the main aim 
of this work.  

AISI T1 steel samples (Fe 73,9-76,5%, W 17.0-18,5%, Cr 3,8-4,4%, V 1,0-
1,4%, Mo 1,0%, C 0,7-0,8%, wt. %) were investigated. Combined treatment was 
carried out in the following way. At the first stage Nb coating was deposited 
using the vacuum arc vapor deposition technique with the following operating 
parameters: the arc current was 190 A, the negative bias voltage on the steel 
substrates was – 120 V, the deposition time was 10 minutes. The thickness of 
the coating was ~ 4 µm. 

At the second stage the samples were treated by compression plasma flows 
(CPF) generated in the magneto-plasma compressor of compact geometry. The 
experiments were performed in the “residual gas” mode, i.e. the vacuum 
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chamber was filled with nitrogen at the pressure of 400 Pa. The distance 
between the electrodes and the treated surface of the samples changed from 12 
to 8 cm, which corresponded to the energy density of heat flux absorbed by the 
sample (Q) of 14 and 23 J/cm2 per pulse, respectively (registered by calorimetric 
measurements). Treatment was carried out by three or six pulses (n) at the 
interval of ~ 5 s. 

The element composition of the samples modified surface layers was 
determined by means of the Auger electron spectroscopy (AES) using PHI-660 
spectrometer combined with sputtering by Ar ions. Only five elements (C, N, O, 
Nb, Fe) were taken into account for the concentration determination due to the 
spectrometer limitations. Therefore AES data can be mainly used for the 
analysis of elements distribution behavior under different CPF treatment 
regimes. The determined concentration of the elements does not reflect their real 
atomic concentration because W atoms (~ 18 %) were not taken into 
consideration. The phase composition was investigated by means of the X-ray 
diffraction (XRD) method with the Ultima IV RIGAKU diffractometer in 
Bragg-Brentano geometry with parallel beams in Cu Kα radiation 
(λ=0.15418 nm).  

The AES data showed the formation of two main sublayers in the analyzed 
layer after CPF treatment (Fig. 1). The first sublayer is a thin film containing 
mainly Nb and C. The second sublayer is a steel surface layer alloyed with Nb 
atoms. The Nb atoms concentration in the steel surface layer decreased with the 
growth of Q due to the increase of the melted layer thickness and redistribution 
of the alloying element in it and due to increase or erosion intensity during 
plasma impact. 

One can see that the film contains C, N, O, Nb and Fe atoms. The presence 
of thin ZrN, TiN or ZrO2 films on the surface of steel alloyed by Zr or Ti atoms 
under the action of CPF was observed earlier /4/. The formation of such a film 
took place due to the interaction of vacuum chamber residual atmosphere gases 
with alloying elements at the stage of cooling, nitride or oxide formation and 
subsequent film growth due to diffusion of alloying elements to the surface. 
Carbon was also observed earlier at the surface but as contamination. In these 
experiments one can see that carbon is one of the main constituents of the 
formed film. The ratio of the Nb and C concentration in the surface film (in case 
of CPF treatment with Q=14 J/cm2) allows one to assume niobium carbide 
formation in it (Fig. 1 a and b). Nitrogen and oxygen had diffusion-like profiles 
in the surface film. Thus, diffusion of these elements took place in carbon-
containing film formed earlier. At the same time the cause of the carbon-
containing film formation is not clear. The presence of Fe atoms in case of CPF 
treatment with Q=14 J/cm2 could be explained by large surface roughness of the 
sample that appeared after plasma impact.  
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The growth of Q led to the decrease of the film thickness (Fig. 1c) while 
the n increase almost did not influence it.  

 

 
Fig. 1 - AES profiles of elements in the surface layer of the Nb/steel system after 
CPF treatment with n=3 and Q=14 J/cm2 (a), n=6 and Q=14 J/cm2 (b), n=3 and 

Q=23 J/cm2 
 
The results of the phase composition analysis are presented in Fig. 2. The 

XRD data showed that CPF impact on the Nb/steel system led to the dissolution 
of Fe3W3C type carbide and formation of a solid solution (with the alloying 
elements) on the basis of α-Fe and γ-Fe. The diffraction lines of the α-Fe solid 
solution are shifted to the area of smaller diffraction angles indicating the 
presence of interstitial atoms or atoms with a greater radius. The XRD analysis 
revealed a new phase formation. The position of this phase diffraction lines 
better corresponds to the position of δ-NbN diffraction lines than to the position 
of the NbC diffraction lines in spite of the AES data. Both of these phases 
possess a face centered cubic (fcc) lattice, therefore, the formation of the 
Nb(C,N) solid solution with fcc lattice can be supposed. One can also see that 
the position of these phase diffraction lines depends on treatment regimes. In 
case of CPF treatment with Q=14 J/cm2 and n=3 diffraction lines shifted to the 
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position of NbC diffraction lines that could be associated with the carbon 
increase in the Nb(C,N) phase which correlates with the AES data. 

 

 
Fig. 2 - XRD patterns of the untreated Nb/steel sample and samples  

treated by CPF 
 
The findings showed that compression plasma flows impact on the Nb/high 

speed steel resulted in the formation of two main sublayers in the steel modified 
layer: the surface film containing the Nb(N,C) phase and the steel surface layer 
alloyed with Nb atoms. Both the film thickness and Nb concentration in the 
alloyed steel surface layer were dependent on plasma treatment parameters. 
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Coherent sources of radiation with high power in the ultraviolet (UV) 

region of the spectrum are widely used in medicine and various fields of 
technology. 

Laser radiation is widely used in the practical ablative treatment of 
biological tissues. Studies on ablative effects make it possible to determine the 
characteristics of radiation, which ensure high efficiency and quality of ablation 
treatment of biological tissues. Laser ablation has a threshold character, and the 
magnitude of the threshold depends both on the duration and on the wavelength 
of the radiation pulse. The report presented below contains the results obtained 
during the experimental study of the ablation effect on biological objects of 
radiation from an XeCl electric discharge laser. 

The  XeCl laser had the system of excitation constructed under circuit of 
the LC inverter and the unstable telescopic resonator. The maximal value of 
energy of generation of the ХеСl-laser made 30 mJ, thus duration of generation 
pulse on half-height was 10 nanoseconds. 

Ablation influence of ultraviolet radiation on a surface of dental enamel 
and dental calcium was investigated.  

For transportation of radiation оf the excimer laser (308 nanometers) the 
system on the basis of mirrors and lenses has been used which optical circuit is 
described on Fig. 1.  

 
Fig. 1 - Optical schematic model of irradiation 

 
Radiation of the XeCl laser went on a quartz substrate 1. The radiation 

reflected from a quartz substrate (1), went on focusing lens (2) and got on a 
measuring instrument of energy (ИМО-2Н) which was used for the control of 
energy of radiation. Radiation past through a quartz substrate (2) went on 
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focusing lens (3) and further on the irradiated object (4). Lenses (2, 3) had the 
antireflection covering for wave length 308 nanometers. Calibration of 
measuring instrument of energy (ИМО-2Н) which under indications of this 
device, allows to define energy falling on irradiated object 4 is executed. For 
this purpose on a place of irradiated object second device (ИМО-2Н) was put. 

The focusing lens with a focal length of 235 mm has been used and 
radiation was focused in an oval spot with average diameter ~ 1 mm. For 
reception of various values of energy of a pulse of radiation sets of diaphragms 
and adjustment of value charging voltage were used. Samples of dental tissue 
were irradiated with a series from 1000 pulses at use of frequency of following 
of pulses of 2 Hz. Depth of a crater was defined by means of an optical 
microscope. In Fig. 2 dependence of depth of a crater in dental enamel (1) and 
dental calcium (2) from density of energy after 1000 pulses is submitted. 

 
Fig. 2 - Dependence of depth of a crater in dental enamel (1) and dental calcium 

(2) from density of energy (after 1000 pulses of an irradiation) 
 

The determining factor for depth of a crater is the density of power, 
therefore in Fig. 3 dependence of depth of a crater on density of power of laser 
radiation after 1000 pulses is submitted. 

From the data, submitted in Fig. 2, it follows that dependence (1) has 
threshold character and at the density of energy smaller than 0,4 J/cm2 process 
of formation of craters in dental enamel is not observed. From data, submitted in 
Fig. 2, it follows that dependence (2) has threshold character and at density of 
energy smaller than 0,2 J/cm2 process of formation of craters in dental calcium 
is not observed.  

From the data submitted in Fig. 3, it follows that dependence (1) has 
threshold character and at density of power smaller than 40 MW/cm2 process of 
formation of craters in dental enamel is not observed. From data submitted in 
Fig. 3 follows, that dependence (2) has threshold character and at density of 
power smaller than 20 MW/cm2 process of formation of craters in dental 
calcium is not observed.  
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Fig. 3 - Dependence of depth of a crater in dental enamel (1) and dental calcium 

(2) from density of power (after 1000 pulses of an irradiation) 
 

Then at density of energy more then 0,2 J/cm2 (20 MW/cm2) and less then 
0,4 J/cm2 (40 MW/cm2) the efficient removal of dental calcium takes place 
without ablation of dental enamel. 

From the graphs of the dependencies presented in Fig. 2-3, it is possible to 
determine at what energy densities the removal of enamel and calcium is most 
effective. Fig. 4 and Fig. 5 show the dependence of the specific energy of 
evaporation of tooth enamel on energy density and power density. Fig. 6 and 
Fig. 7 show the dependence of the specific energy of evaporation of calcium 
from the energy density and power density. From these dependences it follows 
that as the density of energy (power) increases, the specific energy of 
evaporation decreases and, consequently, the more effective removal of calcium 
and enamel take place. 
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Fig. 4 - Dependence of the specific energy of evaporation of the enamel on the 
energy density 

 
Fig. 5 - Dependence of the specific energy of evaporation of the enamel on the 

power density 

 
 

Fig. 6 - Dependence of the specific energy of evaporation of the calcium on the 
energy density 
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Fig. 7 - Dependence of the specific energy of evaporation of the calcium on the 

power density 
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Nonequilibrium processes of intense laser radiation interaction with 

heterogeneous media containing of nanoparticles (NPs) are very interesting for 
laser and plasma modification of different nanostructured materials and media. 
Laser interaction determines the initiation of various processes preceding plasma 
formation. Particularly, absorption of intense laser radiation by NPs initiates the 
following thermal, plasma and hydrodynamical processes, as acoustic waves, 
evaporation of NPs and ambient medium, dynamics of vapor bubble, shock 
wave propagation, laser ablation of heterogeneous media, etc, which can initiate 
optical breakdown and plasma formation in the final moment.  

Short analysis of the mentioned processes has been made, taking into 
account the optical, thermal and heating processes. NPs have different structures 
(homogeneous, two layered core-shell, multi layered) with shapes (spherical, 
nonspherical, rod, cubical, others) and produced from various materials – metals 
(Au, Ag, Al, etc.), oxides (TiO2, Al2O3, Fe2O3, etc.), semiconductors (Ge, etc.). 
Surrounding media can be gaseous (air, etc.), liquid (water, ethanol, etc.), solid 
(metal, oxide, polymer, semiconductor, etc.). Characteristics and parameters of 
NPs, their environments and laser radiation, are presented in various studies of 
the interaction processes of laser radiation with NPs mentioned lower. 

Interaction of laser radiation of moderate intensity with NPs includes 
next set of processes. 

1. Absorption of optical radiation by the electron subsystem of the NP 
metal (material) and plasmonic resonance of metal NPs and resonance Mie of 
oxide NPs. - Absorption and scattering of light by small particles and optical 
properties of metal clusters were first time investigated /1, 2/. Optical properties 
of gold NPs for laser applications in nanotechnology and medicine and 
сharacterization of plasmonic and thermo-optical parameters of spherical 
metallic NPs are presented /3, 4/. Analysis of optical properties of spherical 
metallic NPs for effective absorption of solar radiation and their heating has 
been carried out /5/. 

2. Nonequilibrium processes of thermalization of electrons and electron-
phonon heat exchange after laser pulse action with pulse duration tP ~ 10-13 s are 
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investigated /6-9/. Temperature dependences of the electron-phonon coupling, 
electron heat capacity and thermal conductivity under femtosecond laser 
irradiation and conditions of strong electron-phonon nonequilibrium are 
presented /6/. The model of electron-phonon coupling and electron heat capacity 
of metals, including femtosecond optical investigation of electron-lattice 
interactions in a single metal NP is presented /7, 8/. Modeling of the processes 
of laser-NP interaction taking into account temperature dependences of 
parameters is investigated /9/. 

3. Thermo-electron emission in the absence and in the process of 
electron energy exchange with a lattice.  Electron emission from metal surface 
under action of ultrashort laser pulses has been investigated /7/. 

4. Possible Coulomb explosion of charged NP.  Femtosecond laser-
induced size reduction of aqueous gold NPs has been studied /10/ in situ and 
pump – probe spectroscopy investigations revealing coulomb explosion of 
charged NP because of intensive electron emission from metal surface. 

5. Homogeneous and inhomogeneous intensity distributions inside NP.  
Extreme light concentration inside plasmonic gold and silver NPs during laser 
irradiation and their influence on absorption of radiation by NP and following 
thermal processes has been stated /11/. Local field effects on laser-induced 
heating of metal NPs have been noted /12/. 

6. Heating of spherical NPs in media by short laser pulses and their 
cooling after the end of radiation action.  Theoretical study of heating of 
spherical NP in media by short laser pulses has been carried out /13/. 
Photothermal and accompanied phenomena with gold NPs and laser pulses have 
been presented /14/. Analytical and computer modeling of thermal processes, 
light-to-heat conversion and heating of single NPs, their assemblies, and 
surrounding medium under laser pulse action /15/. External heat conduction 
transfer produces thermal aureoles around NP and additional scattering of 
radiation on them. Experimental investigation of nanoscale heating of laser 
irradiated single gold NPs in liquid has been carried out /16/. 

7. Thermal radiation from the heated NP surface.  Thermal radiation 
and heat conduction from a spherical NP for the application in laser-induced 
incandescence is investigated /17, 18/. 

8. Thermochemical processes (combustion in air, optothermal catalysis, 
polymerization of the environment, etc.) in the environment.  Heterogenous 
catalysis mediated by plasmon heating /19/, visible-light-enhanced catalytic 
oxidation reactions on plasmonic silver nanostructures /20/, degradation of 
protein in nanoplasma generated around gold NPs in solution by laser irradiation 
/21/ have been investigated. 

9. Vibrations of the volume of a heated NP and acoustic processes in the 
environment have been investigated on the base of optical studies of dynamics 
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in noble metal nanostructures /22/. 
The processes of interaction of high intensity laser radiation with NPs. 
10. Melting processes in the environment.  Gold NPs reshaped by 

ultrafast laser irradiation inside silica - based glass, studied through optical 
properties /23/. 

11. Processes of vaporization in the surrounding liquid medium.  
Excitation of nanoscale vapor bubbles at the surface of gold NPs and cavitation 
dynamics on the nanoscale together with  self-limited growth of laser-induced 
vapor bubbles around single microabsorbers were investigated /24, 25/. 

12. Melting of NP material (surface and complete melting, NP 
spheroidization).  Optical characteristics of metallic NPs during melting by 
laser radiation /26/, photothermal reshaping of gold NPs in a plasmonic absorber 
/27/, laser-induced heating and melting of gold NPs studied by time-resolved x-
ray scattering /28/, laser-induced shape transformation of gold NPs below the 
melting point: the effect of surface melting /29/ have been investigated. 

13. Evaporation and growth of a NP under the action of radiation.  
Methodological improvement in pulsed laser-induced size reduction of aqueous 
colloidal gold NPs by applying high pressure /30/, mechanism of laser-induced 
size reduction of gold NPs as studied by single and double laser pulse 
excitation /31/, mechanisms of size reduction of colloidal silver and gold NPs 
irradiated by Nd:YAG laser /32/ have been investigated. 

14. Formation of nanostructures under the influence of radiation on NPs. 
Laser-induced fabrication of hollow platinum nanospheres for enhanced 
catalytic performances /33/, studies on the interaction of pulsed lasers with 
plasmonic gold NPs toward nanofabrication /34/ were investigated. 

15. Optical breakdown initiated by a NP, formation plasma and shock 
wave. - Ionization of gold NPs in solution by pulse laser excitation as studied by 
mass spectrometric detection of gold cluster ions /35/ was investigated. 

16. Fragmentation of a NP under the action of radiation.  Fragmentation 
of colloidal NPs by femtosecond laser-induced supercontinuum generation /36/, 
photofragmentation of phase-transferred gold NPs by pulsed laser light /37/, 
experimental and theoretical analysis of photofragmentation of Au NPs by 
picosecond laser radiation [38] have been investigated. 

17. Threshold of laser initiation of various processes are presented /14/. 
These processes, especially with plasma formation, can be used for the 

applications in the synthesis of new materials, characterization and investigation 
of their parameters and various applications in nanostructured material 
treatment, laser chemistry, solar energy, etc. 
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Despite the well established advantages and popularity of the widely used LIBS for 
practical and rapid spectrochemical analysis, there are obviously rooms for its further 
improvements. The need to overcomes the Stark broadening and time mismatching 
effects for achieving high resolution and highly sensitive detection as well as the 
demand for the linear calibration line with zero intercept required by reliable 
quantitative analysis remain the challenging problems for certain important 
applications. In response to those challenges, we propose in this report a 
modification of the conventional LIBS by adopting two laser system with He 
ambient gas simply named “Laser-Induced Plasma Spectroscopy Utilizing He 
Metastable State (LIPS-He*) method. In this setup, A Nd YAG laser operating at its 
fundamental wavelength is used to generate the He gas plasma at high energy (60 - 
110 mJ), while the third harmonic pulse from the other laser is employed to ablate 
the sample with certain delay so that the ablated atoms enter the gas plasma when it 
is sufficiently cooled and free from the initially produced charge particles and be 
excited via energy transfer from the metastable excited He atoms in the plasma. For 
comparison, emission spectra of a standard steel sample are measured by this 
technique and the conventional single pulse LIBS as well as the double pulsed LIBS. 
The calibration curves obtained by using the (LIPS-He*) technique gives an 
obviously much better result in terms of the linearity of the calibration curve of Cr. It 
also has low detection limit of 3 ppm thanks to the low spectral background, with the 
matrix effect fully suppressed. Finally the excellent emission spectra presented in 
this report further demonstrate the unusually high resolution in the depth analysis 
achieved by this new technique 

 1 
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Abstract  Pulse laser ablation method has been architectured to synthesize 
metal nanoparticles (MNPs) with unrivaled advantages such as simple, versatile, 
stabilized, biocompatible, economical, repeatable, and green technique without 
surfactant for a long term. In medicine, electronics with sensitive effective, it is 
sufficiently expected to small-scale and ultra-pure particles. Laser parameters 
(wavelength, intensity, frequency, and exposure time) can also affect shape and 
size distribution and morphology of the MNPs. 
 

Introduction The metallic nanoparticles (MNPs) nanosized structures has 
been endlessly fascinating sciences and industries over the last half-century, due 
to their specific physical and chemical features dedicated to novel possibilities 
utilized in promising applications such as biotechnology, electronics, photonics, 
medicine, lithography, photochromic, self-assembling materials, Raman 
spectroscopy, manufacturing and so on. So both fabrication and applications of 
the MNP are especially beneficial for today lifestyle.  

The most common methods are based on the chemical reduction of metallic 
ions in solutions leading to benefit results regarding the final size and shape of 
the MNPs. More applying the nanomaterials is of their higher efficiency and 
fewer component ingredients leading to higher reactivity with other issues in 
reactions. The efficiency is inversely correlated to particle radius and this is that 
more active particles are available with a larger surface area in result from 
smaller radios. Therefore NPs are sufficiently distinguished from regular 
materials to nanosized formations with improved features such as optical, 
physical, and mechanical. Considering all the methods are mainly related to the 
control of the size, shape, and morphology in nanomaterials, a basic role of the 
surfactant to fabricate a byproduct is obviously presented which is the most 
significant disadvantage of the chemical approaches. Hence, scientists must pay 
significant attention to the selection of an appropriate method to prepare the 
pure, uniform and homogenous MNPs.  
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According to solve similar problems, rapid and flexible improvement of 
laser setup along with particularities of stable and amplified effects and safety 
and ultimate green eco-friendly products are the main reasons to broadly 
develop a proper laser ablation method (LAM) born after the invention of the 
ruby laser in pulse mode in the mid-1960s.  

This review comprehensively provides a brief discussion on setup for MNP 
producing, mechanism, advantages and disadvantage and some common devices 
to characterize particles using LA method /1-5, 8, 9/. 

 
Method and Mechanism of LAM LAM as a laser-induced effect in liquid, 

opposite of other wet chemistry approaches, refers to the desired, pure, 
homogenous and uniform MNPs with narrow size and spectrum and strong 
control of original materials in liquids. In this concept, the repeatable method is 
simply performed with relatively economic, biocompatible, promising, reliable, 
green without chemical toxic and reagents process. 

A pulsed laser beam presents a fast ablation of the material from the target 
surface, while formation and rapid condensation of plasma plume onto a sample 
are simultaneously performed in a pure liquid. It is considered that 
homogeneous nucleation of MNPs results in the fine saturation of laser-reduced 
MNPs in sizes with smaller ranges in solution. 

Considerably control NPs generated in alloy, composition ingredient, and 
lattice shapes are accomplished using photo-mechanical effect by pulsed laser 
energy. Contrary to the advantages of the LAM in liquid noted above this 
procedure has one disadvantage including the MNP low formations compared to 
conventional methods which can also be probably improved under varying the 
experimental conditions /2-4, 6-8/.   

Laser pulses are focused on the target surface to interact with a sample for 
LAM technique through the present experimental setup shown in Fig. 1. The 
target can be employed in forms of powder, suspension, or bulk placed into a 
pure liquid. According to the absorbing of a laser wavelength by the surface of a 
material, the photo-thermal response made subsequently causes the thermal 
effect transmitted throughout the target vertically and horizontally, this can be 
only done if the speed of heat is faster than laser pulse duration. This is that a 
laser-induced plasma plume, near the surface, successfully leads to a 
stoichiometric cutting of the substrate, where a magnetic stirrer helps to 
homogenously fabricate various particles (spherical, rod, wire) due to chemical 
changes in nanosized forms released into the liquid /2,10/. 
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Fig. 1 - A schematic of the MNPs generation by the LAM, (a) with 
a gold target; (b) to more reduce the Au NPs generated  

(Updated from /2/) 
 

Although the mechanism of the laser-matter interaction has not still been 
completely explained, both thermal (the laser-matter interaction) and chemical 
(related to environment liquids) effects are two mechanisms providing the 
ablation approach controlled by evaporation, boiling, explosion, and equilibrium 
phase transition /11/. Nonthermal processes as an over-rapid thermal process are 
also created through photo-mechanical effect where spallation and 
fragmentation are two forms of the nonthermal mechanism. 

Before starting the experiment, it is a necessity to control quantitatively and 
qualitatively MNP formation, size, and structure through optimization of the 
experimental conditions and laser setup (duration time, laser influence, a speed 
of magnetic stirrer, inner gas, liquid, laser mode) /2/.  

Noticeable the laser-induced modification of NPs precisely inhabits to 
perform undesired phenomena such as agglomeration, deposition, and instability 
surface plasma resonance (SPR) via two benefit offers: keeping MNPs in dark 
and cold place and keeping MNPs away from light /1-4/.  

Comparison with prior studies, unique physical and chemical Properties of 
MNPs are characterized by the most common devices i.e., UV-visible 
spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, scanning 
electron microscopy and transmission electron microscopy. Thus, the stability, 
both molecular and crystal structures, qualitative and quantitative determination 
of chemical materials, evaluation the degree of crystallinity, isomorphous 
changes, grain size, size distribution, and morphology of NPs by the devices 
listed are continuously evaluated /12/. 
 

Conclusion To conclude several aspects effectively involved in the current 
review are followed as Discussion about the formation mechanism of the 
homogeneous and uniform MNPs by a novel method of a laser ablation (LA) in 
the liquid, Obtaining of stability, and purity of MNPs using several 
optimizations, Introducing of physical and chemical features of the pure MNPs 
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by specific devices, i.e., UV-visible spectroscopy, XRD, XPS, SEM and TEM, 
Explanation of the incomparable advantages and disadvantage of the LAM, 
Recalling the past and future applications of the MNPs in the numerous 
industries. 
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In the present work the possibility of metal coatings deposition by erosion 
compression plasma flows (ECPF) is discussed. The formation of erosion flows 
occurs due to erosion of the electrodes material in the discharge device. The 
products of the erosion are accelerated by dense compression plasma flows and 
reach the surface of a sample placed in the chamber. In the work the coating of 
tungsten, nickel and copper with synthesized in the air residual atmosphere on 
the silicon surface. In the work the structure and phase composition of the 
formed coating are discussed. 

The flows of dense (compressed) plasma are widely investigated as 
effective tool for material structure and properties modification. Such plasma 
flows are formed by quasi-stationary plasma accelerators during the discharge 
between two electrodes. These process inevitably followed by the erosion of the 
electrodes and the products of the erosion are carried away in the plasma stream. 
So, it can be used for deposition of the eroded material on a substrate. The 
voltage between the electrodes, residual atmosphere pressure, distance between 
the electrodes and the substrate are the main factors that determine the 
effectiveness of the erosion and as a result the structure of the formed coating. 

Erosion compression plasma flows were formed in the miniature 
magnetoplasma compressor in the residual air atmosphere (pressure 1 torr). The 
radial electrodes in the discharge device were produced from iron, the central 
electrode was made of copper, tungsten or nickel. So, it allowed to syntheze 
copper, tungsten and nickel coatings, respectively. The main varied parameters 
were a voltage between the electrodes which changed from 2.0 to 3.0 kV and 
distance between the electrodes and the substrate surface changed from 3 to 
6 cm. The duration of the discharge in the compressor was about 100 μs. The 
coating formation was carried out by three pulses. A single crystal of silicon 
(10×10 mm) with preferred crystallographic orientation (111) or (100) was used 
as a substrate for the coatings deposition. The structure and phase composition 
of the formed films were investigated by X-ray diffraction (XRD) with Ultima 
IV Rigaku diffractometer in the parallel beam geometry using Cu-radiation 
(λ=0.154178 nm). The thickness of the films was determined by scanning 
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electron microscopy (SEM) in the LEO 1455 VP microscope on the cross-
sections of the samples.  

After the ECPF influence on the silicon surface the film from the material 
of inner electrode were formed. The XRD results provided the information about 
the phase composition of the films and the varied parameters influence on it. 
Using a copper electrode, copper films were produced (Fig. 1 and 2).  

 
Fig. 1 – XRD patterns of the Cu coatings formed at the voltages  

2.0 kV (1), 2.5 kV (2) and 3.0 kV (3) 
 

 
Fig. 2 – XRD patterns of the Cu coatings formed at the voltage 2.5 kV and the 

electrode-substrate distances 3 cm (1), 4 cm (2) and 6 cm (3) 
 
On the XRD pattern there is a series of the diffraction peaks that indicate 

the polycrystalline structure of the copper films. The diffraction peaks intensity 
distribution corresponds to the standard data. Taking into account that the 
intensity of the peaks depends on the volume fraction of the phase or, in our 
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case, on the thickness of the films, one can see that the films synthesized at the 
voltage 2.5 – 3.0 kV (the distance between the electrode and Si substrate was 
4 cm) possess manifest crystal structure and thickness. The voltage of 2.0 kV on 
the electrodes is not enough for the film formation. It is a result of less amount 
of the eroded material from the electrodes. 

The distance between the Si surface and electrode as well as voltage on the 
electrode influence on the thickness and structure of the formed films. Indeed, 
the results presented in Fig. 2 show that the most appropriate distance between 
the electrode and Si surface is 4 cm (at the voltage 2.5 kV). In this case the 
thickness of the film is the highest. An increase in the distance up to 6 cm results 
in fall in the thickness due to divergence of the plasma stream and the amount of 
the eroded material is also decreases. The decrease in the thickness at the 
distance of 3 cm can be explained by the absence of the eroded material in the 
compressed area near the electrodes.  

The films of tungsten and nickel also were formed by the ECPF influence 
(Fig. 3 and 4). In the XRD patterns of the W films (Fig. 3) a weak diffraction 
line of the tungsten (110) was found. Besides, some diffraction lines 
corresponding to the tungsten oxides also were found in the diffraction angles 
area 30 – 45 degree. The formation of nickel films is also accompanied by the 
nickel-based compounds formation. In this case the nickel carbide Ni3C referred 
also as hexagonal nickel was found. According to the XRD results purer 
(without additional phases) nickel film was synthesized at the voltage of 3.0 kV 
(the distance of 4 cm). But the latter regimes allow to form the coating with a 
small-grained structure since the diffraction line have a very high width.  

 
Fig. 3 – XRD patterns of the W coatings formed at the voltages  

2.0 kV (1), 2.5 kV (2) and 3.0 kV (3) 
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Fig. 4 –  XRD patterns of the Ni coatings formed at the voltages  

2.0 kV (1), 2.5 kV (2) and 3.0 kV (3) 
 
The SEM results (Fig. 5) showed the thickness of the films formed by the 

ECPF impact. According to the SEM images the thickness of the tungsten 
coating is about 130 nm, meanwhile the nickel coating has a thickness of 
170 nm (the regimes of the formation are the same). One can see that the 
coatings have the constant thickness in every section. So, the formed films 
possess uniform thickness.  

 

 
a) b) 

Fig. 5 – SEM-images of the W coating cross-section (a) and Ni coating cross-
section (b). The films were formed at the voltage 3.0 kV 

 
So, in the work the possibility of copper, tungsten and nickel thin (130 – 

170 nm) films synthesis on the silicon wafer by erosion compression plasma 
flows impact in the miniature magnetoplasma compressor was demonstrated.  
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Introduction Sapphire, with its combined mechanical, optical, and electri-

cal properties, is a multifunctional, high-performance engineering material. This 
properties has led to applications of sapphire in optical devices and mass pro-
duction of sapphire substrate for LED. However, the machinability of sapphire 
is still an issue, owing to its extreme hardness, brittleness, and chemical stabil-
ity. As sapphire is inert to most types of wet chemical and dry etching, laser ab-
lation has been proposed as a potential machining method. The interaction of la-
ser pulses with sapphire material has been investigated for many years. The use 
of lasers for material processing enables fine precision work with minimal, lo-
calized, thermal effects such as cracks and heat affected zone /1/. 

Recently, femtosecond (fs) laser ablation has attracted considerable atten-
tion because of its ability to produce precise, well-defined micrometer-sized 
structures in materials. This is relevant to LED wafers cutting on chips. The use 
of fs pulses enables high precision machining with minimal collateral damage 
due to two main reasons. First, nonlinear nature of the absorption confines any 
induced damage to the focal volume only. Second, the ionization process is 
faster than heat conductance to the bulk /2/. From /1,3/, ablation mechanisms are 
found to be a combination of Coulomb explosions and melt fragmentation, with 
the latter dominating at high intensities. Considerable work has been reported on 
the characterization of sapphire scribing and cutting using ultra-short pulses. 
The effect of the number of pulses and their energy on the surface modification 
of Sapphire and on the depth and diameter of drilled holes has been investigated 
/4,5/. 

In this work, the ablation of sapphire by femtosecond laser pulses was 
evaluated under various pulse energies. The quality and morphology of the sap-
phire surface were investigated by scanning electron microscopy. 

 
Experimental Experiments were performed with an homemade ytterbium-

doped femtosecond laser (M2=1.3) with a wavelength of λ = 1040nm, that gen-
erated τp=300  fs laser pulses with a maximum pulse energy of Ep=14 mJ at a 
62 kHz repetition rate. In the experiments, 400 µm thick polished sapphire sub-
strates were used. The laser beam was irradiated onto a sapphire surface through 
a 20 x microscope objective lens with a numerical aperture number of 0.40 with 
beam radius ω0 = 4.3 µm. The sample was placed on a scanning stage and trans-
lated at various scanning speeds under computer control during irradiation. All 
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experiments were carried out in air at atmospheric pressure and room tempera-
ture. After irradiation, the samples were cleaned in an ultrasonic bath. The mor-
phology of the samples surface was examined by scanning electron microscope 
(SEM) to evaluate the width and depth of the ablation profile, the severity of 
cracks. 

 
Results and discussion The experiments was conducted at scan speed from 

0.4 to 12.5 mm/s. At low laser power (0.1W – 0.3W) and low scan speed width 
of cuts decreased to 4 µm, but rough and uneven edges observed (Fig 1.). Be-
sides, the melted material was observed around the ablated cuts.  
 

  
 

Fig. 1 - SEM image of cut at laser power 0.1W and scan speed 0.4 mm/s 
 

At laser power higher than 0.4 W laser spark in air appears at beam waist 
and increase of width to 30µm and depth of cuts was observed (Fig.2). Further-
more, removal of material from trench become more severe which leads to ma-
terial sputtering on larger surface. This sputtered material is effectively removed 
by subsequent ultrasonic cleaning. Possibly, shockwave generated by spark cre-
ates more effective material sputtering. Increasing of scan speed from 0.4 to 
12.5 mm/s leads to cuts width and depth increasing.  
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Fig.2 – SEM images of cuts at laser power 0.8 W and scan speed 0.4 mm/s after 
ultrasonic cleaning 

 
The estimate of ablation threshold fluence of sapphire is given below. The 

threshold fluences of the Gaussian laser beam can be calculated by measuring 
the width of the ablated areas versus the pulse energy and extrapolating areas to 
0. It is known that for a Gaussian spatial beam profile with a 1/e2-beam radius 
ω0, a maximum laser fluence φ0  increases linearly with the laser pulse energy Ep 
/5/: 

                                                                                                                                                        (1) 

The maximum laser fluence φ0 can be calculated from the pulse energies in the 
experiment using Eq.(1).The threshold laser pulse energy can be obtained by an 
extrapolation to w2=0. 

The Fig 3 presents experimental data relation between squared width of 
cuts and laser pulse energy in logariphmic scale. At Ep from 1.6 to 11.2 µJ one 
can see smooth growth of width of cuts. Trendline by linear fitting was obtained 
from dependence of w2 from ln(Ep). From graphic, obtained value of threshold 
laser pulse energy is Ep =1.56 µJ, that corresponds to ablation threshold fluence 
of 5.36 J/cm2.  Obtained value is comparable to that from /5/. 
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Fig. 3 – Squared width w2 of the ablated area versus the pulse energy Ep  
 

Conclusion We have demonstrated effective laser scribing of sapphire with 
width of cuts 15-30 µm depending on laser power. Threshold fluence was esti-
mated 5.36 J/cm2  that corresponds to results of other works. It has been shown 
that low scan speed and high laser power provide conditions where redeposited 
material effectively removed from surface in following ultrasonic cleaning. 
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Dip coated nanocomposites starch/hydroxyapatatite (St/HA) coatings were 

fabricated on stain steel 316. Laser remelting technique was used to surface 
modification of dip coated surface. The coatings before and after laser remelting 
were characterized by using scanning electron microscope (SEM), energy-
dispersive spectrometer (EDS).The effects of laser scan speed on microstructure of 
the laser-remelted nanocomposites St/HA coatings were investigated. It was shown 
that the increases of laser speed scan are significantly affects on microstructure 
properties of the coating after laser remelting process. The results show that 
microstructural correlation in the coatings after laser remelting was much better and 
denser before laser remelting.  
 

Introduction  
 

Hydroxyapatite (HA) is the bio-ceramic which is used to coat of in order to 
improving corression and biocompatibility of metallic bioimplants. The 
hydroxyapatite coating increase the mechanical fixation and bone on growth /1/. 
Due to the weak mechanical properties of single-phase hydroxyapatite coatings, 
they can be composited by polymers such polyviniline alchohol (PVA), gelatin and 
etc. Starch is a natural, semi-crystalline, and very hydrophilic polymer that have a 
lot of potential for use in the field of medical engineering coating, plating, and thin 
films refer to a series of processes on different material levels that are performed 
for a variety of purposes.  

Plasma sprays is only commercially available method to coat of HA on 
biomedical implants. But some defects such as cracking, flaking and scratching due 
to mechanical bounding between coating and substrate led to delamination of the 
coating /2/.  

In this study, the laser remelting is used to enhance the density and surface 
quality of dip-coated St/HA nanocomposites by utilizing different laser scan speed 
is investigated.  
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Materials and methods 
 

Nanocomposites Starch/HA was prepared by a solution based method. At 
first starch was slowly added to dionized water. The solution was heated and 
vigorously stirred at 80° C on a hot plate until the contents were thoroughly mixed. 
Then Hydroxyapatite nanopowder (nHA) gradually added to solution to prepare 
St/nHA nanocomposites. It should be mentioned that all the chemicals used in this 
research are purchased from Merck Company. The stain steel 316L of dimension 
10 20× 40 was used as the substrate, which the chemical composition of the 
stainless steel 316 elaborated for this study after quantmetry analysis is shown in 
Table 1. All specimens were mechanically polished with aqueous slurries of 
successively finer alumina powder. The surfaces were also cleaned ultrasonically, 
washed with ethanol and acetone, and then followed by air-dried. A belt-and-
pulley-type apparatus has been built and used in this study for dipping the strips 
into the HA suspensions, and it had a two-way electronic switch to descend and 
ascend the substrates into (and out of) the dipping suspensions, at constant speeds 
in the range of 15 to300 mm/rain. In order to increase the thickness of the coating 
layer, substrates were immersed five times and remain for 5 minutes in the solution 
and then dried.  

×

 
Table 1- Chemical composition of stainless steel 316 according to ASTM standard along with 

chemical elements of samples used 
 Fe 

% 
C 
% 

max 

Si 
 % 

max.

Mn 
% 

max.

P 
% 

max.

S 
% 

max. 

Cr 
% 

Mo 
% 

Ni 
% 

316  Balance 0.08 0.589 1.1 0.081 0.0416 16.68 2.18 11.7 
316 
standard  Balance 0.08 0.75 2 0.045 0.03 16-18 2-3 % 10-14 

 
After dip coating, the coated substrates were remelted with a fiber laser (MF-

20, Han’s Yueming, China) operating at a wavelength of 1.06 μm with a maximum 
output power of 20 W. The detailed laser remelting parameters are listed inTable 2. 
The distance between the nozzle and the work-piece surface, and focal length was 
selected 30 and 12 mm, respectively. The laser beam diameter on the work-piece 
surface was fixed at 1 mm. To prevent the melted pool from oxidation, Argon gas 
was used as shielding gas through the coaxial nozzle at 10 L/min.  

Microstructure and compositions of the coatings before and after laser 
remelting were examined by scanning electron micro-scope (VEGA TESCAN, 
RONTEC, Germany) equipped with X-ray energy-dispersive spectroscopy (EDS).  
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Table 2 –  Parameters of laser remelting 
Lasers can speed (mm/s) Power (W) Samples No 

- - BL 1 
10 8 AL-10 2 
20 8 AL-20  
30 8 AL-30  

Note: BL and AL indicate before and after laser melting process.  
 

Results and discussion 
 

Phase structure of nHA and nanocomposites starch/HA was performed by 
Infrared spectroscopy analysis FTIR and is shown in Fig 1 (a). The results confirm 
the formation of nanocomposite structures. The bands at 565-600 cm-1 correspond 
to ν4 symmetric P-O stretching vibration of the PO4

-3 ion, while the bands at 1042 
and 1092 cm-1 corresponding to ν3 vibrational mode of the PO4

3-tetrahedral.The 
spectra of the two HA powders show bands in the range (1465–1415 cm-1) and at 
874 cm-1 corresponding to ν3 and ν2 vibrational modes of carbonates, respectively. 
The broad band at 3446cm-1, for starch, is due to the stretching mode of O-H 
groups /3/. 
 
a) 

 

b) 

 
 (1) (2) (3) (4) 

Fig.1 – (a)  FTIR of nHA and nanocomposites St/HA and  (b) SEM images of St/HA coatings on Ti 
substrates before and after laser remelting at different laser scan speed; (1) BL; (2) AL-10; (3) AL-20 

and (4) AL-30 
 
 

SEM micrograph of surface coating before and laser remelting is shown in 
Fig. 1 (b). As it can be seen, there are some cracks on the surface coating before 
laser remelting. But by increasing energy density or slowing scan speed of the 
laser, smooth surface because of melting and solidification of material was obtain 
after laser treatment.  

Fig. 2 shows Ca/P molar ratio calculated from EDX results. The Ca/P ratio 
calculated for samples before and after laser remelting are 1.52, 2.14, 2.16 and 
2.24, respectively. The results clearly reveal that by the increasing of laser scan 
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speed, the starch was vaporized from the molten pool and stimulated the agitation 
of the molten pool and hence helped the P dissipation. So, the Ca/P ratios of the 
coating after laser remelting are higher than the coating before heating by laser 
irradiation. However, it has previously been reported that HA with higher Ca/P 
ratio has more tendencies to bond to bone /4/. 
 

 
 

Fig. 2 - EDX results of St/HA coatings on Ti substrates before and after laser remelting at 
different laser scan speed 

 
Conclusion 
 
Laser surface modification of dip coated St/nHA coatings was performed using 
fiber laser. Smooth surface and free cracks was performed after laser treatment. 
Furthermore, increase laser scan speed leads to increase Ca/P ratio. 
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Abstract Thin polycrystalline Cu2ZnSnSe4 (CZTSe) films were 

synthesized by selenization of metal precursors Cu, Zn, Sn deposited by 
magnetron sputtering technique on molybdenum-coated perlite glass-crystalline 
substrates (PGC). These p-type conductivity layers had a thickness of the order 
of 1-1.3 μm, a round shape with an average size of 700 nm, and served as a 
photoactive layer in the thin-film solar cell Mo/CZTSe/ CdS /ZnO/Al: ZnO. 
Synthesized films used as the photoactive layer for Mo/CZTSe /CdS /ZnO/Al: 
ZnO solar cells (SC). The conversion efficiency of the created SC is 4.9% and 
the open-circuit voltage ~ 0.6 V is comparable with the results for more efficient 
solar cells on glass substrates. 

 
Introduction. In the last decades, an intensive search has been made for 

materials that allow the conversion of solar energy into electrical energy in the 
most efficient and minimal expenses. A great progress in this direction 
(efficiency ~ 22%) was achieved with thin-film solar cells based on copper 
indium gallium diselenide (CIGS). Mass production of them is strictly limited 
due to the use of such expensive and rare metals as gallium and indium /1/. 
Therefore, in recent years, kesterite materials have attracted the attention of 
researchers for replacing the absorbing layer in the SC structure, in which a new 
semiconductor compound of the Cu2ZnSn(SexS1-x)4 type (CZTS) /2/. The 
conversion efficiency of such SC is already around 12.6% /3/. It is known that 
an important advantage of such solar cells is not only the high coefficient of 
optical absorption of solar radiation, but also the possibility of selecting the 
optimal band gap in the interval 1.05-1.6 eV by changing the ratio between the 
content of selenium and sulfur. 

There are various vacuum and non-vacuum deposition technologies for 
polycrystalline CZTSe layers: electrodeposition /4/, vacuum sputtering /5/, co-
evaporation /6/, spray pyrolysis /7/, etc. The most common method for obtaining 
thin CZTSe films is a two stage process. The first step of it is the formation of 
metallic precursors on the substrate using one of the above methods, and the 
second one - the selenization of the resulting metallic layers. 

For layer-by-layer deposition of metals, we chose the method of vacuum 
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magnetron sputtering. To prove the possibility of further integration of such 
solar cells with building elements, glass substrates have been replaced by 
substrates made of perlite glass-crystalline material /8/.  

The aim of this work was a fabrication of the Cu2ZnSnSe4 compounds 
based multilayer structures of thin-film SC on PGC substrates and the 
investigation of such SC conversion efficiency. 
 

Experimental  part To fabricate CZTSe thin films by magnetron 
sputtering, the Cu, Zn and Sn metal layers were sequentially deposited on 
specially synthesized perlite glass- crystalline substrates with preliminarily 
molybdenum (Mo) layer-coated. The distance between the target and the 
substrate was 10 cm, and the base pressure was 10-5 mTorr. During of argon 
(Ar) injection the pressure was raised to 10 mTorr. At the same pressure, at a 
working current of 600 mA, a molybdenum layer with a thickness of about 0.5 
μm was deposited. Further, the selenization process was carried out during 30 
min at a temperature of 450 °C. 

For the electrochemical deposition of the CdS buffer layer, cadmium 
acetate (Cd (CH3COO) 2) was used as a source of cadmium at a concentration 
of 0.03 M, thiourea (H2NCSNH2) as a sulfur source at a concentration of 0.6 M 
and ammonium hydroxide (NH4OH) (25%) as a complexing agent with 
concentration of 5 M /9/. The thickness of the deposited layer was about 65 nm 
at a temperature of 65-70 °C and a reaction time of 15 minutes. It is known the 
optimum buffer layer thickness is 40-60 nm /10, 11/. Then, transparent layers of 
ZnO and ZnO:Al with a thickness of 50 nm and 400 nm, respectively, were 
deposited by magnetron sputtering. Finally, Ni/Al metal contacts were obtained 
by thermal spraying. 

The morphology of CZTSe thin films was studied using an AFM. The 
thickness of the layers was measured with the Mitutoyo Surftest SJ-410 
profilometer, current-voltage measurements were carried out both without 
lighting and under standard 1.5AM lighting by Keithley-6340 unit at room 
temperature. Voltage is varied in the range -0.6 - 1.4 V. 
 

Results and discussion Fig. 1 shows a photomicrograph of one of the 
selenized at 450 °C CZTSe thin films, obtained by AFM. As can be seen from 
the figure, the grains are rather dense and have a circular shape that forms after 
the selenization of the layers as a result of the recrystallization of the 
Cu2ZnSnSe4 phase. The film thickness is about 1.3 μm, and the average 
roughness (Ra) of the surface does not exceed 80 nm (Fig. 2). Relatively smooth 
films can reduce interphase states between the absorbing and the window layers, 
reducing the dark current. It is known, this is necessary to fabricate a high-
quality SC /12/. The average grain size of the film is 700 nm, and the maximum 
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size is 1.3 μm (Fig.3). The distribution of grain sizes almost coincides with the 
normal distribution. The grains are small in size, which is apparently due to the 
small amount of sodium content in the perlite substrate (about 3-4%), which 
diffuses into the CZTSe layer during selenization and contributes to an increase 
in the average grain size /13/.  

 
Fig. 1 - 3D AFM-image of thin film CZTSe 

                           
 
    

 
The current-voltage characteristic (I-V) of the fabricated SC with the best 
parameters is shown in Fig. 4, and the corresponding parameters of the SC are 
shown in Table 1. 
 

Table 1 - Morphological and electrical parameters of thin films and a typical 
CZTSe –based SC 

Sample PGC/Mo/CZTSe/CdS/ZnO/Al:ZnO 
From AFM measurements From  I-V characteristic 

Thickness 
 

Ra The 
average 

grain size 

Rsh 
(kΩ) 

Rs 
(kΩ) 

Voc 
(V) 

Isc 
(mA) 

FF 
(%) 

η 
(%) 

1.3µm  ~ 80 nm 700 nm 1.59 5.42 0.598 -9.64 48 4.9 

Fig. 3 - Distribution of grain 
sizes in the film 

Fig. 2 - The roughness 
profile of the CZTSe layer.
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The active area of the SC is 0.5 cm2, and the remaining surface was 
covered with a Ni/Al contact lattice, which is why a high series resistance is due. 
The Voc value of the SC is relatively large, while the short-circuit current 
density Jsc 19.3 mA/cm2 is significantly lower than that of silicon single-crystal 
SC. 

It is our view that the low Jsc values is partly due to recombination at the 
CZTS-CdS boundary because of the possible appearance of secondary phases on 
the CZTS surface, a short lifetime of electrons due to recombination at the grain 
boundary, the absence of an antireflection coating and a non-optimal contact-
grid configuration. In addition, as a result of the large series resistance of the 
SC, the filling factor is below 50%. 

 

 
 

Fig. 4 - I-V characteristic of SC with PGC/MO/CZTSe/CdS/ZnO/Al: ZnO 
structure 

 
Other factors that define the relatively low efficiency of this SC can be 

technological growth regimes which has not been fully optimized, the absence 
of surface treatment of thin films after selenization, and the insufficiently quality 
of the initial materials used. Elimination of these factors is a task for further 
work, and the purpose of this work was to clarify the potential opportunities for 
the fabrication of CZTSe thin-film SC on a perlite glass-crystalline substrate. 
 

Conclusion For the first time, thin-film solar cells with an absorbing 
CZTSe layer were fabricated on a perlite glass-crystalline substrate coated with 
Mo. The results show that a two-stage magnetron sputtering method can be 
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successfully applied to deposition of thin films not only on glass, but also on 
alternative substrates. According to the morphological analysis, the average 
grain size should be increased, making it comparable with the thickness of the 
absorbing layer. The efficiency of the first, not optimized samples of SC, 
reaches 4.9%. The resulting open-circuit voltage of 0.598 V is comparable to the 
Voc value for the solar cell with a record efficiency of 12.6%, manufactured by 
spin-coating using a highly toxic and reactive hydrazine solution /3/. It seems to 
us that the main reason for the low efficiency is the low value of the fill factor 
due to the high Rs. In connection with this, the technology of fabrication of SC 
needs to be improved. 
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Titanium dioxide is promising material for biomedical applications [1] and
one of the best semiconductor photocatalyst, which has been extensively studied
in  recent  years  [2].  Properties  of  titanium-based  materials  depend  on  the
chemical  composition  and  morphology  of  the  surface.  Laser  and  plasma
processing  are  widely  studied  methods  for  changing  the  properties  of  metal
surfaces [3-6]. The main purpose of this work is to reveal an effective modes of
oxidation and sintering of the surface layer of porous titanium material under the
action of a stationary plasma flow and laser irradiation.

Experimental details

In the present study the multipulse laser irradiation (1–50 Hz frequency,  
1064 nm wavelength, and 0.085-200 µs pulse duration) and stationary  plasma
action (Te ~ (71.4)103 К, Ne  (1.20.18)·1016 см-3) were used for oxidation
and sintering of porous surface of titanium alloy (0.5 wt. % Fe, 0.15 wt. % N,
0.15 wt. % Cl).  Morphology of processed titanium surfaces and composition
analysis  were  examined  by  methods  of  Raman  spectroscopy,  optical
microscopy, scanning electron microscopy (SEM) and energy dispersive X-ray
micro  analysis  using  microscope  MIRA-3  with  X-Max  extreme silicon  drift
detector.  The  emission  spectrum  of  plasma  obtained  with  the  compact
spectrometer SpectraStar SDH-IV.

Results and discussion

When the surface of the porous titanium alloy was treated by the stationary
plasma  flow  with  7103 К  electron  temperature   and  1.2·1016 см-3  electron
density,  the  threshold  of  initiation  of  the  self-propagating  high-temperature
synthesis  (SHS)  was  reached  within  20-30 seconds,  as  evidenced  by  the
appearance of a bright glow of the surface that decaying with a significant delay
time  after  the  end  of  the  plasma  action.  Spectroscopic  studies  of  plasma
processing  revealed  a  high  intensity  of  continuous  radiation  and  allowed  to
determine the color temperature in the SHS-reaction zone by spectral pyrometry
method  [7].  Emission  spectrum  of  the  titanium  sample  under  conditions  of
initiation of self-propagating high-temperature synthesis is shown in Fig. 1.
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а) b)
Fig.1 Emission spectrum of the titanium sample under conditions 

of initiation of SHS in ordinary coordinates (a) 
and in the Wien’s coordinates (b)

The spectrum obtained in the Wien’s coordinates is straightened out in the
range from 460 nm to 1030 nm. Thus,  glow of the processed sample in this
interval corresponds to the emission of gray body, and its maximum lies in the
region λ = 1010 nm, which, in accordance with the Planck's law, is realized at a
temperature of 2850 K.

Optical microscopy of the titanium surface treated with plasma revealed
fusion of grains and discoloration of the surface onto milky white.  Analysis of
the Raman spectra of the modified titanium surface (Fig. 2) revealed bands of
235 cm-1, 447 cm-1, 612 cm-1, characteristic of TiO2 in the crystalline form of
rutile, and a less pronounced presence of titanium carbide (674 cm-1 band) and
TiO2 in the crystalline form of anatase [8, 9].

Fig. 2 The Raman spectra of the initial and modified surface 
of the titanium sample

Laser action (parameters shown at the Table 1) on the titanium samples was
accompanied by the formation of a near-surface plasma. 
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Table 1. Modes of laser irradiation 
№ Spot area, м2 Frequency, Hz Pulse duration, µs Power density, W/cm2

1 0,85·10-6 25 0,085 5,5·107 
2 1,77·10-6 50 200 1,1·104 
3 0,63·10-6 25 200 3,2·104 
4 1,77·10-6 1 200 1,1·104 
5 0,38·10-6 25 0,085 1,24·108 

Lines of Ti I atoms and the first titanium ions Ti II predominate in typical
emission spectra (Fig. 3) of the ablation plasma. The temperature of titanium
plasma ~ 1.3104 K was estimated from the "normal" temperature of the Ti II
line at 375.9 nm (excitation energy 3.9 eV, ionization energy of the Ti II ion
13.637 eV), which was calculated in accordance with [10].

a) pulse duration of 200 μs b) pulse duration of 85 ns

Fig 3. Typical emission spectra of the plasma produced by pulsed laser action
on titanium.

Scanning  electron  microscopy  of  modified  samples  showed  that  laser
processing  with  a  pulse  duration  of  200  μs  leads  to  surface  melting  and
nanosecond  laser  action  produces  developed  structure  on  the  surface  with
substantially smaller grain and pore sizes compared to the original surface.

Analysis  of  the  elemental  composition  of  the  samples  with  the  X-ray
microanalyzer  EDX  X-Max  revealed  several  variations  in  the  chemical
composition of the irradiated surface (Table 2).

Table 2. Intensity of Х-rays of oxygen and nitrogen
Element Intensity, pulses/s

Initial
surface

mode
№1 

mode
№2 

mode
№3 

mode
№4 

mode №5

O 143 760 911 683 299 641
N 604 298 431 869 773 335

The results of the X-ray microanalysis presented in Table 2 and the analysis
of the surface structures by SEM showed that laser action on the porous titanium
substrate facilitates its transition in a monolithic state that is characteristic of
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metal alloys obtained by casting. It was found that the oxidation of the titanium
surface  induced  by  laser  irradiation  in  atmospheric  air  increases  with  the
increasing  of  number  of  laser  pulses  and  has  a  weak  dependence  on  pulse
duration and power density (q ~ 104-108 W/cm2). Nitriding of titanium increases
with a decrease of repetition rate and power density from 104 to 106 W/cm2.

Conclusions

Thus, stationary plasma action (Te ~ (71,4)103 К, Ne  (1,20,18)·1016

см-3)  on  the  sample  of  porous  titanium  alloy  initiates  process  the  self-
propagating high-temperature synthesis at the temperature of T ~ 2850 K, which
leads to the partial melting of grains and their sintering on the surface of the
processed sample with the formation of TiO2, mainly in the crystalline form of
rutile. Analysis of laser action showed possibility of significantly changing of
surface  morphology  and  selectively  increasing  the  content  of  oxides  in  the
surface layer  by varying the modes of laser action on porous titanium alloy. It
was found that millisecond laser action are more effective for the nitriding of the
titanium, whereas multi-pulse action with nanosecond pulse duration is more
suitable for the surface structuring and formation of oxides. It should be noted
that  laser-induced  modifications  allows  to  carry  out  selective  processing  of
surfaces, while plasma action is more convenient for oxidation of large areas of
titanium products.
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In electrochemistry, metal nanoparticles are widely utilized as a functional 
unit to modify electrode surfaces /1, 2/ in order to develop (bio)sensors and 
energy production cells /3/ as well as for environmental applications /4/. Metal 
nanoparticles provide four main advantages over macroelectrodes for 
electroanalysis: enhancement of mass transport, catalysis, high effective surface 
area and control over local microenvironment /5/. Nanosized noble metal 
particles become important for various application fields including biosensors, 
nanosensors, nanodevices, catalyzes, and nanoelectrochemistry /6, 7/. Particular 
interests are focused on the synthesis and application of gold nanoparticles 
(AuNPs) in the electroanalytical and catalytic field due to the ability to enhance 
the electrode conductivity and facilitate the electron transfer, thus, improving the 
analytical selectivity and sensitivity /8/. 

Indium tin oxide (ITO) films on glass or quartz substrates often used as an 
electrode surface due to their prominent characteristics such as a good electrical 
conductivity and wide electrochemical working window /9/, as well as low-cost 
/8/. ITO electrode modified with Au NPs possesses a faster electron transfer rate 
and larger current response than the bare ITO electrode /10/, therefore such 
electrodes could be applied for the creation of highly sensitive and selective 
future sensors. The modification of ITO electrode with AuNPs faces with the 
problem of the deposition of colloidal nanoparticles on ITO coating. The 
immobilization of AuNPs by using binding molecules such as thiols /11/ and 
silanes /12/ is ideal for glass surfaces /13/, but for ITO coatings this method does 
not obtain high coverage of AuNPs on the electrode surface. Furthermore, the 
electroactivity of the AuNPs films fabricated by this method is influenced by the 
contamination of various chemicals, such as the reactants, surfactant and binder 
molecules, as well as these methods have the time-consuming complex synthesis 
procedures. Other AuNPs deposition on electrodes methods as centrifugation 
/14/ or electrochemical deposition /10/ are more efficient but they are not 
attractive as they require specific equipment and sample preparation (surface 
cleaning and chemical modification). Therefore, it is highly desired to develop a 
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simple and effective method to synthesize AuNPs on a solid support as a highly 
electroactive electrode /7/. A good alternative strategy for one-step and useful 
fabrication of AuNPs on ITO electrodes directly can be the thermal treatment of 
thin gold coatings on ITO glass. These methods have an advantage versus drop-
casting deposition or previously mentioned methods as they do not use colloidal 
solutions and the generation of AuNPs occurs directly on the desired surface. 
Heat treatment of metal thin films can be performed using thermal annealing 
furnace /15/ or nanosecond lasers /16/. The main advantages of nanosecond laser 
processing are the submicron treatment accuracy, the low thermal impact to the 
substrate and surrounding areas and the selective generation of nanoparticles on 
desired place and shape of the surface /17/. 

The example of SEM images of generated Au NPs when the thickness of 
the gold coating on ITO glass is 3 nm, 5 nm and 20 nm are shown in Fig. 1 d-f. 
The micrographs clearly indicate that the size and density of generated Au NPs 
depend on the gold film thickness.  

 
Fig. 1 - SEM micrographs of Au coatings affected by single laser pulse when 

coatings thickness are 3 nm (a, d), 5 nm (b, e) and 20 nm (c, f). The laser 
processing parameters in all cases were the same (laser pulse energy – 40 µJ, 
laser energy density – 505 mJ/cm2, peak pulse intensity – 14 MW/cm2, pulse 

duration – 35 ns, beam diameter – 142 µm) 
 

Here, simple one-step generation of gold nanoparticles on ITO glass using 
nanosecond laser will be presented and the electrochemical properties of the 
gold modified ITO electrodes by the detection of the ascorbic acid will be 
analyzed. 
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Graphene is proven as valuable material for the electronics, sensing, energy 

storage, heat dissipation and other applications. From the discovery of graphene, 
many of its production methods were being developed. One branch of graphene 
production approaches is based on laser-induced graphene formation. Laser 
micro-processing offers production flexibility and scaling opportunities. 
Operating tightly focused laser beam allows creating of complex graphene 
microstructures needed for particular applications, such as energy storage, 
sensing, microelectronics, etc. We present experimental results of laser-induced 
formation of graphene structures in pinewood. Experiments were conducted 
using nanosecond and picosecond lasers with a pulse duration of 10 ns and 10 
ps, respectively, at the irradiation wavelength of 1064 nm in the hermetic 
chamber with a nitrogen atmosphere. Raman spectroscopy measurements 
showed the formation of high-quality few-layer graphene structures with 
I(2D)/I(G) ratio of 1.10 obtained at an irradiation dose of 662 J/cm2 utilizing 
nanosecond laser pulses. Minimum sheet resistance values of laser treated wood 
was 35 Ω/sq at an irradiation dose of 662 J/cm2 using nanosecond laser and 
179 Ω/sq at an irradiation dose of 584 J/cm2 using picosecond laser. Sheet 
resistance measurements showed a correlation with Raman spectroscopy data 
and revealed a significant decrease in electric resistance for the sample with 
highest I(2D)/I(G) Raman bands ratio using nanosecond laser irradiation. 
Modeling of the pinewood surface temperature after pulse laser irradiation 
revealed substantial higher temperature at the surface in the case of picosecond 
laser resulting in the laser-induced formation of graphene at smaller irradiation 
doses comparing with nanosecond laser.  
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Introduction. A repetitively pulsed action of laser radiation (LR) makes 

it possible to vary the air plasma/erosion plasma relationship by increasing a 
pulse repetition rate to values higher than 5 kHz, which raises the efficiency of 
both the laser ablation of a target in air /1, 2/ and the generation of a magnetic 
field /3/. Turning to a double laser pulses action at wavelengths of Nd:YAG 
laser harmonics extends possibilities of selective plasma formation and target 
ablation /4/. The aim of the paper is to elucidate the features of generating the 
electrical potentials and magnetic fields on exposure of a titanium target in air 
by double laser pulses at the Nd:YAG laser harmonics. 

Experimental Setup. The setup includes two Nd:YAG lasers 
generating at wavelengths of 1064 and 532 nm. The LTI-403 laser 
(λ1 = 1064 nm, E = 77 mJ, τ = 20 ns) provides practically the same pulse 
duration and energy values as the LS-2130 laser does (λ2 = 532 nm, 
E = 69 mJ, τ = 20 ns). The setup implements a two-pulse action of LR on a 
titanium target in air with a controllable time interval between laser pulses and 
a variable order of their sequence. Negative values of the time shift between 
the laser pulses shown in the figures correspond to the case of the advancing 
impact of the short-wavelength LR (λ = 532 nm); the positive values mean 
that the long-wavelength LR (λ = 1064 nm) is the first to be emitted. The 
experiments were carried out at the LR power density of q0,532= 2,7⋅109 W/cm2 
and q1,064 ≤ 3,8⋅109 W/cm2 in the irradiation spot of dп ~ 0.30 mm. 

Experimental Results and Discussions. Electrical potentials were 
measured by using an electric probe /2/. Typical oscillograms of the electric 
potential on the target surface are shown in Fig. 1. The experimental 
dependence of the electric potential (U) peak values at the Ti target on the 
time interval between a double laser pulses of the attacking LR is shown in 
Fig. 2. The values of the electric potential generated by the action of the 2nd 
LR pulse on the titanium target vary in the range from 15 to 27 V. 

Plasma Physics and Plasma Technology 9____________________________________________________________________________

256



-4 -2 0
-1,0

-0,5

0,0

0,5

1,0

1,5

2,0

t, μs

-3 μsU, V

 0 2 4
-1,0

-0,5

0,0

0,5

1,0

1,5

2,0

2,5

t, мкс

+3 мксU, В

 

-15 -10 -5 0 5 10 15
0

10

20

30

λ2=0,532 μm 

λ1=1,064 μm

Δt, μs

U, V

 

Fig. 1 – Oscillograms of electric potential, U, on 
Ti target irradiated by double laser pulses (532 
and 1064 nm) at a pulse-to-pulse interval of 
±3 μs 

Fig. 2 – Peak values of 
electric potentials at Ti 
target irradiated by double 
laser pulses with interval 
from −15 to 15 μs  

 
The titanium plasma emission in the visible spectral region was 

recorded with an FEU-114 photoelectric multiplier (sensitivity spectral range 
from 0.25 μm to 0.85 μm). The plasma emission was transferred to the 
photomultiplier input via an optical fiber. A typical oscillogram of the Ti 
plasma emission and the dependence of the plasma emission lifetime on the 
pulse-to-pulse interval are shown in Fig. 3. 
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Fig. 3 – Oscillogram of titanium plasma emission at a pulse-to-pulse interval 
of –3 μs (a) and dependence of Ti plasma emission lifetime on the pulse-to-
pulse interval (b) 
 

It can be seen that the Ti plasma emission lifetime increases 
approximately by a factor of two when passing from negative values of pulse-
to-pulse intervals to the positive ones. In the region of small time intervals, 
oscillations in the plasma emission lifetime are observed. 
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To record magnetic fields, a magnetic probe based on a small 
inductance coil is used. In Figs. 4 and 5, typical oscillograms from the 
magnetic probe and the corresponding peak values of magnetic field induction 
are shown respectively. 
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Fig. 4 – Oscillograms of the E.M.F. induced in 
the magnetic field sensor when irradiating Ti 
target by double laser pulses at wavelengths of 
532 and 1064 nm with the pulse-to-pulse 
interval of ±5 μs 

Fig. 5 – Induction of the 
magnetic field generated by 
the plasma on exposure of 
Ti target to double laser 
pulses with wavelengths of 
1064 and 532 nm 

 

The Fourier spectra of the magnetic field pulses at pulse-to-pulse 
intervals of –3 μs and 3 μs are shown in Fig. 6a and 6b, respectively. The 
obtained spectra are characterized by the presence of a high-intensity narrow 
line and a weak wide band in the low-frequency region caused by the 
oxidation of titanium. 
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Fig. 6 – Fourier spectra of magnetic field pulses with pulse-to-pulse interval of 
–3 μs (a) and 3 μs (b) 
 

The half-widths of these lines and the corresponding frequencies as a 
function of the pulse-to-pulse interval are shown in Fig. 7a and 7b. The half-
width of the lines detected in the Fourier spectrum reaches its maximum at a 
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zero delay between pulses. The dependence of the corresponding frequency on 
the pulse-to-pulse interval exhibits a plateau at ∼16 MHz in the range from 
−3 μs to 5 μs. Beyond this range, the frequency of the lines in the Fourier 
spectrum is around ∼4 MHz. 
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Fig. 7 – The half-widths of the lines in the Fourier spectra of the magnetic 
field pulses (a) and the values of their frequencies (b) depending on the pulse-
to-pulse interval 
 

Generation of the electric potential at the titanium target in air exposed 
to double laser pulses of radiation with wavelengths of 532 and 1064 nm is 
more efficient when the 2nd pulse is applied with a time interval from 2 to 
15 μs, regardless of the sequence order. Generation of the magnetic field is 
most effective when the laser plasma is heated by long-wavelength laser 
radiation with a pulse-to-pulse interval from 10 to 5 μs. The plasma emission 
lifetime doubles when passing from negative to positive pulse-to-pulse 
intervals. In the range from −3 μs to 5 μs, the line frequency in the Fourier 
spectrum of the magnetic field pulses retains its maximum value of ∼16 MHz, 
which indicates the highest velocity of plasma clusters under these conditions. 
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Introduction. A high-frequency action of laser radiation (LR) on metals in 

air makes it possible to vary the air plasma/erosion plasma relationship by 
increasing a pulse repetition rate to values higher than 5 kHz, which raises the 
efficiency of both the laser ablation of a target in air /1, 2/ and the generation of a 
magnetic field /3/. The transition to a double laser pulses action at wavelengths of 
Nd:YAG laser harmonics extends the possibilities of selective plasma formation 
and target ablation /4/. The dynamics of plasma and emission spectra of the torch 
on the surface of the aluminum target at double laser pulses action at a wavelength 
of 1064 nm with a controlled delay from 0 to 140 µs and a power density of 
840 MW/cm2 were studied by experimental and numerical methods /5/. The aim of 
this work is to study laser ablation features of a metal with high melting and 
boiling points such as niobium when it is irradiated by double laser pulses at the 
first and second harmonics of the Nd:YAG laser and to reveal the features of 
generation of magnetic and electric field in such conditions. 

Experimental setup. The setup consists of two Nd:YAG lasers, generating 
at wavelengths of 1064 and 532 nm. The LTI-403 laser (λ1 = 1064 nm, E = 77 mJ, 
τ = 20 ns) provides practically the same pulse duration and energy values as the 
LS-2130 laser does (λ2 = 532 nm, E = 69 mJ, τ = 20 ns). The laser system allows a 
double pulses LR action on niobium target in air with a controlled time interval 
between laser pulses and the variable order of their sequence. The negative values 
of the time shift between the laser pulses shown in figures below correspond to the 
case of the advancing effect of the short-wavelength radiation (λ = 532 nm); the 
positive values mean that the long-wavelength radiation (λ = 1064 nm) is the first 
to be emitted. The experiments were conducted at the LR power density of q0,532 = 
2.7⋅109 W/cm2 and q1,064 ≤ 3,8⋅109 W/cm2 in the irradiation spot of dп ~ 0.30 mm. 

Experimental results and their analysis. Measurements of electrical 
potential were carried out with an electric probe /2/. Typical electric potential 
oscillograms on the target surface are shown in Fig. 1. The experimental 
dependence of the electric potential (U) peak values at the niobium target on the 
pulse-to-pulse interval (time shift between the LR pulses) is shown in Fig. 2. The 
values of the electrical potential generated by the action of the 2nd LR pulse on the 
niobium target are subject to oscillations. 

To record the magnetic field, a magnetic probe based on a small inductance 
coil is used. Typical oscillograms from the magnetic probe are shown in Fig. 3, and 
the corresponding amplitudes of the EMF induced by the magnetic field in the 
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probe coil under the action of double laser pulses with wavelengths of 1064 and 
532 nm are presented in Fig. 4. 
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Fig. 1 − Oscillograms of electric potential on a 
niobium target irradiated by double laser pulses 
with wavelengths of 532 and 1064 nm at a time 
interval of ±3 μs 
 

Fig. 2 − Amplitudes of 
electric potentials at Nb 
target irradiated by double 
laser pulses with time shift 
varying from − 15 to 15 μs 
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Fig. 3 − Oscillograms of EMF induced in the 
magnetic field sensor on exposure of Nb target 
to double laser pulses with wavelengths of 532 
and 1064 nm at a pulse-to-pulse interval of 
±4 μs 

Fig. 4 − EMF induced by a 
magnetic field in the probe 
coil under the action of 
double laser pulses with 
wavelengths of 1064 and 
532 nm on Nb target 
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The experimental dependence of EMF induced by the magnetic field in the 

probe coil on the time shift and the order of the pulses sequence (Fig. 4) shows that 
the maximum EMF value reaches 710 mV at the time shift of Δt = −4 μs and 
undergoes oscillations at negative shifts and in areas of approximately constant 
output around 40 mV. 

A luminous laser torch and its variations depending on the time shifts and 
the sequence order of the laser pulses were investigated using a Canon A 520 
camera in a video shooting mode with an exposure time of 500 μs (Fig. 5). A 
nature of the expansion of near-surface laser-plasma formations under bichromatic 
double laser pulses of niobium target in air depends essentially on the time interval 
between the LI pulses. When the pulses coincide in time or a time shift is negative, 
the plasma front of the torch breaks, which indicates the realization of a low-
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threshold air breakdown. With a positive values of the time shift, a continuous 
mushroom-shaped plasma torch is observed. 
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Fig. 5 − Features of the torch structure on exposure of Nb target to double laser 
pulses in air at Δt = ± 13 μs (a), ± 10 μs (b), and ± 3 μs (c) 
 

The electron temperature in the plasma was calculated from relative 
intensities of two niobium spectral lines, Nb II 309.4 nm and Nb I 405.8 nm (Fig. 
6). 
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The maximum value of temperature, Tmax = 11800 K, is achieved with the 

advancing action of short-wave radiation (λ = 532 nm at a time shift between the 
laser pulses of Δ t = −1  μs and the minimum value, Tmin = 7700 K, was observed at 
Δt = 13 μs (Fig. 7). This is partly due to a rise in the absorptivity of the plasma 
formation with an increase in the LR wavelength /6/. 
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Conclusion. Bichromatic laser irradiation of Nb target results in the 

enhanced efficiency of target laser ablation because: i) the short-wavelelength LR 
pulse more effectively heats the target and contributes to the formation of an 
erosion plasma due to a lower reflection coefficient; ii) the long-wave LR pulse 
provides a significant heating of the erosion plasma because of the cubic 
dependence of the plasma absorption coefficient on the wavelength. 

Peak values of the electric potential generated by a laser plasma on the Nb 
target surface depend on both the sequence order of LR pulses and the time shift 
between laser pulses. They vary from 9 V to 13 V and decrease to 0.1 V in the 
vicinity of Δτ =0 μs. In this case, the electric potential generated on the target 
surface by the first laser pulse is less by one and a half orders of magnitude than 
that generated by the second pulse. The magnetic field generated by the plasma 
multiplies  many times at just a small time shift between laser pulses close to 
Δτ = - 4 μs. 
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Abstract. The ablation of a number of materials in air (Al, brass, graphite, 
silicon etc.) under the action of pulse-periodic laser radiation at the Nd:YAG-
laser harmonics is experimentally studied. New possibilities for increasing the 
efficiency of laser ablation of materials as well as controlling the parameters of 
near-surface laser plasma using of monochromatic and bichromatic pulsed laser 
radiation with variable repetition rate of laser pulses are revealed. 
1. INTRODUCTION 

Laser irradiation of absorbing materials is accompanied by a number of 
complicated physical phenomena: heating of the target surface, melting of the 
target and its rapid vaporization. Vapor expanding away from the target at 
supersonic speed displaces the surrounding air like a piston, forming a shock 
wave. During of laser irradiation, the optical and thermophysical properties of 
the surface change (the reflection coefficient, the temperature, the thermal 
conductivity coefficient) and metal–liquid–vapor–plasma phase transitions occur. 
In the 50–100 MWcm2laser power density range, the air surrounding the target is 
heated so strongly that the air itself begins to absorb the incident radiation and 
the plasma formation process jumps from the target vapors to the air. The air 
plasma shields the target from the incident laser radiation. Consequently, the 
energy input to the target and the ablation plasma becomes less effective, which 
limits the possibilities for laser treatment and laser spectral analysis of materials 
/1/. 

The effectiveness of laser irradiation of materials in air depends not only 
on the laser power density but also on the wavelength of laser radiation as well as 
laser pulse repetition frequency /1−5/.Therefore, this article is devoted to an 
analysis of the possibilities of increasing the efficiency of laser ablation of 
materials and obtaining plasma flows with controlled parameters using 
monochromatic and bichromatic pulsed laser radiation with a controlled pulse 
repetition rate. 
2. EXPERIMENTAL 
 The single pulse and multi-pulse laser irradiation (LI) of a materials at 
repetition rates f ≤ 50 kHz was produced by pulsed laser (λ = 1060nm, τ~ 85 ns, 
pulse energyE = 2–4 J). The production of singlepulse and periodic pulses was 
provided using a passive Q-switch with LiF:F−

2 – color centers. The irradiance q 
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at the target surface was varied over 105–109W/cm2bymeans of neutral density 
filters. A vacuum chamber was used for doing experiments at air pressures as 
low as 2 Pa. 

The double-pulse laser irradiation (LI) was produced by synchronizing two 
Nd:YAG lasers with wavelengths of 1064 and 532 nm (E = 100 mJ, τ= 20 ns) 
with adjustable time interval between laser pulses. The dependence of the plasma 
spectra, electron density and temperature of the plasma on the ordering of laser 
pulses and the inter-pulse time delay during laser exposure of various materials 
in air was studied. In these experiments, the emission spectra of near-surface 
plasma and the pressure pulses on the irradiated targets were registered. The 
SDH-IV spectrometer with a linear CCD detector TCD 1304 AP (Toshiba) was 
used for registration of plasma spectra. The spectrometer was connected to a 
computer and a laser system synchronization unit. For registration of pressure 
pulses on the target and of the LI pulses, a piezoelectric detector synchronized 
with digital oscilloscope was used. Recoil momenta for different materials were 
determined by integrating the pressure signal over time. 
3. RESULTS 
 Obtained experimental data shows that excitation of ablation laser plasma 
in air at atmospheric pressure and below can occur under the following 
conditions for multipulse laser irradiation. 

1. For low laser irradiances (q ≤ 2⋅107W/cm2for λ ~ 1 μm) applied to 
metals in single and multipulse modes, independently of the pulse repetition rate. 
With increasing intensity, q ≥ 5⋅107W/cm2, the ablation plasma is weakened 
because the region where the plasma is primarily formed shifts from the metal 
vapor into the air still at the front of the laser pulse and because of increased 
shielding of the target by the air plasma /1, 5, 6/.This sort of physical picture is 
typical of single-pulse laser irradiation, as well as for series of pulses if their 
repetition rate does not exceed ~1–5 kHz. 

2. For relatively high laser irradiances on metals in gases {2⋅108 ≤q ≤ 4⋅109 
W/cm2 for λ ~ 1 μm on relatively small (~10–2 cm2) irradiation spots} efficient 
erosion plasma formation occurs only for high pulse repetition rates f > 5 kHz 
(Fig. 1). 

The performed experiments showed that surface ablation plasma is the 
distinctive feature of high repetition rate (f > 5 kHz) pulsed periodic laser 
irradiation of metals in air under certain conditions (q ~ 0.1–1 GW/cm2, λ ~ 
1 μm, 0.1 < p < 1 atm).The high efficiency of ablation plasma formation for high 
laser pulse repetition frequencies is of interest for laser spectral analysis /1, 6/. 

The sensitivity of analysis for the materials can be significantly improved 
even with exposure to two laser pulses, separated by a time interval of a few 
microseconds /6, 7/. 
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Fig.1 – Fragments of high speed camera spectra 
of a surface laser plasma on an aluminum target: 
with an air pressure p = 0.5 atm in the vessel; the 
pictures were obtained during the first (q = 500 
MW/cm2) (1), second (q = 460 MW/cm2) (2), 
and third (q = 520 MW/cm2) (3) laser pulses at a 
repetition rate f = 12 kHz with a framing period 
τ = 8 μs; the bright band at the bottom 
corresponds to the continuum background near 
the target surface 

Additional benefits in formation and heating of laser plasmas can be 
achieved by the double-pulse mode irradiation at different wavelengths of the 
material due to the dependence of the targets reflectance and radiation 
absorption of plasma on the wavelength of the LI/8/. The performed experiments 
showed that that the exposure to shortwave LI stimulates the formation of 
ablation plasma while the infrared LI produces predominantly air plasma 
(Fig. 2). 

 

 
Fig. 2  –  Dependence of temperature (a) and electron density (b) in the carbon 

plasma on the timeinterval between laser pulses 
 

It was established that temperature, charged particle density and recoil 
momentum of a laser-produced plasma are depends on the ordering of the 
double-pulse laser irradiation of the targets in air at wavelengths of 1064 and 
532 nm and on the time interval between pulses(Fig.2). 

Investigation of the efficiency of silicon laser ablation in air under double 
pulses laser irradiation at wavelengths of 532 and 1064 nm with a controllable 
order of laser pulses and time delay between themwere also carried out (Fig.3). 
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Fig. 3 – Dependence of the 
silicon specific removal on the 
time delay between the laser 
pulses with wavelengths of 532 
nm and 1064 nm (negative values 
of time correspond to the leading 
action of 532-nm pulses) at three 
different energy values of 532-
nm pulses 

 

A manifold increase in the specific mass removal of silicon has been 
revealed under irradiation with leading 532 nm nanosecond laser pulses 
followed by 1064-nm pulses with time delay from 3 to 8 μs. 
4. CONCLUSION 

Based on optical and spectroscopic studies, we have established 
thateffective regimes of pulsedlaser ablation of materials in air as well as 
generation of plasma flows with controllable parametersmay be realized using 
pulse laser irradiation with a high repetition rate of pulses over 5 kHzor double 
pulses laser irradiation at wavelengths of 532 nm and 1064 nm with a 
controllable order of laser pulses and time delay between them. The results 
obtained can be used to improve the efficiency of laser-induced breakdown 
spectroscopy method andlaser processing of materials as well as laser–plasma 
micromotors for aerospace applications. 
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6. PLASMA SPECTROSCOPY AND OTHER 
DIAGNOSTIC METHODS 
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Introduction In the dipole approximation the selection rules strongly 

forbid certain transitions between electron energy levels and the appearance of 
the corresponding atomic lines in the spectra. On the other hand, the presence of 
the moderate external electric field is sufficient to remove all restrictions with 
regard to changes in the orbital quantum number and to cause the appearance of 
the spectral lines that are no usually visible in the spectra. In 1927, Foster /1/ for 
the first time applied quantum mechanics perturbation theory to the helium 
atom. In his calculations, considering the external electric filed as a perturbation, 
he concluded: a) the forbidden lines may appear in helium spectra and b) the 
displacement of the energy levels, and the shifts of the allowed and forbidden 
lines in the spectrum are linear functions of the perturbing electric field. The 
calculation performed by Foster these days represents the standard student 
problem and it is used in our laboratory as a theoretical background for the 
solution of the inversed problem and the foundation of the method for the 
electric field measurements using the shift of forbidden and allowed lines i.e. 
peak to peak distance between these lines /2/. The proposed method is universal 
and it doesn’t depend on the gas composition, kinetics of the processes in the 
discharge, gas pressure, temperature, electron density,  DC, AC or RF applied 
voltage etc., because it is based on ab initio calculation.  

 
Experiment The first measurements in our laboratory were performed 

using Grimm type abnormal glow discharge operating in DC regime at low 
pressure. These measurements were done using high resolution spectrometer 
utilizing LOCK-IN technique that enabled low level of noise. The appearance of 
the forbidden line is depicted in Fig. 1 (a). The newest measurements results 
performed using monochromator of lower resolution and the iCCD are shown in 
Fig. 1 (b). As presented in Fig. 1 (b) the lines are shifting in the opposite 
directions and the distance between them increases closer to the cathode surface 
where the electric field strength increases. After that, a small amount of 
hydrogen is added to helium for sake of the independent electric field strength 
determination using Hβ line. This method for the electric field measurements 
based on the linear Stark effect of hydrogen atom is the previously developed in 
our laboratory /3/.    
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Fig 1 - (a) The part of the spectrum in the vicinity of 492.1 nm detected by 
LOCK-IN technique, (b) Shifts of the forbidden and allowed line for the rising 

electric field strengths recorded by iCCD 
 

The plot of the distance between forbidden and allowed He lines in dependence 
on the electric field strength obtained by Hβ line is shown in Fig. 2 (a). These 
graphs practically represent the calibration curve, due to the independent and 
reliable electric field determination using hydrogen Hβ line.  

Fig.2 - (a) Comparison of the experimentally obtained values with the quadratic 
Stark effect (Unsold) and linear Stark effect (Foster). (b) Splitting and shifting 

of the sublevels of the 492.1 nm line calculated by Foster’s perturbation method 
 
On the other hand, the interpretation of the obtained experimental data in a 
frame of quadratic Stark effect, that is expected for He atom, gave agreement 
only for the lower electric field strengths, up to 5 kV/cm. For the higher values 
of the electric field the effect was linear. In order to find the reasons for the 
discrepancy of the experimentally obtained results and the theory, the 
perturbation calculation proposed by Foster was repeated. In these calculations, 
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the electric field was the parameter that was changed in 1 kV/cm steps. 
Calculation is performed in the basis of the hydrogen wave functions. Therefore, 
Fig. 2 (b) gives the example of the calculation of the energy level shift for the 
atomic transitions 2p1 P0–4d1 D0 and 2p1 P0–4f 1F0 i.e. the allowed and forbidden 
He 492.1nm line components. The comparison of this way the calculated peak to 
peak distances between allowed and forbidden lines with the experimental 
results in Fig. 2 (a) demonstrates a very good agreement. 

The perturbation calculations are also performed for other two lines around 
the 402.0 nm and 447.1 nm. It should be noted that all analyzed lines possess 
substructure originating from the degeneracy of the corresponding electron 
energy levels with different magnetic quantum number m.  Consequently, the 
emission of the observed He lines consists of two polarized components. For 
Dm=0 the light is p polarized, while for Dm=±1 the light is s polarized. With 
the use of the polarizer, one of the components could be blocked. For example, 
helium line 2p1 P0–4d1 D0 at 492.19 nm consists of two p and three s 
components, which is also the case with the forbidden line 2p1 P0–4f 1F0, see 
Fig 2. b). The mentioned substructure could be observed in the presence of 
higher electric field.   

The proposed forbidden-allowed method is further expanded to eight 
helium lines, reinterpreted and adopted for the less experienced users /4/. The 
interpolation polynomials for the calculation of the electric field strength for the 
measured distance between lines are also given in the named article. If it is not 
possible to measure peak separation directly, the fitting procedure is proposed. 
The line fits include all components and the so called field free component that 
comes from the discharge region without electric field. The fitting method 
increased the sensitivity of the whole method and allowed measurements of 
lower electric fields, down to 3 kV/cm. The line fitting is necessary for higher 
gas pressures. 

The method has been tested in the atmospheric pressure DC discharge /5/. 
The measurement results showed unexpectedly broadened forbidden and 
allowed line. The line widths exceeded the values that are caused by pressure 
broadening, which is interpreted by the additional perturbation of the emitter by 
fluctuating micro-field. It turned out that the amplitude of the fluctuating micro-
field is three times higher than the static electric field at the cathode surface. The 
effect of this type of the broadening of the forbidden and allowed lines is later 
observed in the other atmospheric pressure discharges in helium.  

 The number of types and application potentials of atmospheric pressure 
helium discharges, such as dielectric barrier discharge (DBD) and plasma jets, 
expanded in the last decade. The information about the electric field strength 
distribution in these discharges is of key importance for their modeling, and 
further for the construction and optimization of the plasma reactors based on 
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these discharges. It came out that the earlier developed method, which was not 
spotted earlier, became very popular. It doesn’t require expensive laboratory 
equipment; it is easy to use, it is applicable for all discharge conditions and it is 
non-contact, non-perturbing method.  

The experimental results for the spatio-temporal development of the 
electric field in DBD in helium, formation of the cathode fall region, change of 
slope of the electric field and the formation of the homogenous discharge, are 
for the first time obtained utilizing this method /6/. For the situations when the 
intensities of the helium lines of interest for the allowed-forbidden electric field 
measurements method are insufficient, the additional method based on the 
intensity ratio of intensive helium lines is developed which enabled higher 
measurement sensitivity /7/. 

 The important conclusions about the propagation of plasma bullets in 
helium jets are attained by the measurements of the radial and axial distribution 
of the electric field by the forbidden-allowed method /8/. The obtained profile of 
the electric field in the plasma bullet has a ring shaped structure. Also, the 
dependence of the electric field strength on the plasma bullet velocity has been 
experimentally demonstrated. The obtained experimental results were in good 
agreement with the modeling outcomes. At the moment, the method represents 
the standard procedure for the electric field measurements in plasma jets. The 
results are also compared with the electro-optic probe measurements.  
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Key characteristics of an inductively coupled plasma (ICP): high purity, 
high temperature and rapid gas-phase reactions rate makes it a promising ion 
source for analytical spectrometry, as well as a useful tool for technological 
applications for synthesis and post-processing of sub-micron powder materials.  
Burning ICP is a very complicated process involving interaction of gas-dynamic 
and electromagnetic forces. Parameters of a plasma torch depend on a set of 
simultaneous effects: swirled gas flow, design of a torch and inductive coil, 
applied power, frequency of inducing current, etc. The second it ions make any 
experimental optimization non-effective, that is why at the very start there was a 
series of mathematical simulations of both the spectroanalytical and 
technological ICPs. A digital twin of the ICP verified by a set of experimental 
works allows to reduce time and material consumes dramatically during the 
optimization of ICPs.  

This work presents results of modeling of 3D transient spectroanalytical 
ICP with mass-spectrometer interface (ICP-MS) and also a model of 
technological plasma to produce powders for additive manufacturing. 

Developed model is based on a finite element-based solution of coupled 
system of transient differential equations: Maxwell’s equations, Navier-Stokes 
equations and heat transfer equation. Maxwell’s equations are used to obtain 
spatial-temporal distribution of electromagnetic (EM) fields in zone of interest. 
Then one should to solve gas dynamics equations taking into account two-way 
energy transfer: EM energy dissipates in hot gas subsequently increasing its 
electric conductivity. Then, plasma-induces electric currents increase the EM 
fields. The solution technique has the following key steps: 

• Solve for magnetic vector potential in 3 domains: plasma, coil, air; 
• Compute EM fields and inductive current; 
• Solve for gas velocity field applying the Lorentz force; 
• Solve for heat conduction equation applying Joule heating and radiation 

loss; 
• Compute gas electric conductivity according to Saha ionization equation; 

The Maxwell’s equations have been written in a complex form in terms of the 
magnetic vector potential splitted to real and imaginary parts providing the last 
two partial differential equations of the whole model of ICP. All the equations 
are solved simultaneously at each time step. Applicability of the continual 
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approach to solve the Navier-Stokes equations within the vacuum interface is 
proved by calculating of the Knudsen number which value does not exceed 0.1. 

The model does not take into account the gas ionization yet, but first time 
it provides a comprehensive data on supersonic gas flow pattern inside the 
vacuum ICP-MS interface. Computed spatial distribution of velocity, pressure 
and temperature of hot gas flow between two cones in the central longitudinal 
cross-section of the system and its enlarged view are presented in the picture 
below (Fig. 1). 

 
Fig. 1 − Temperature distribution before and after the first vacuum stage of ICP-

MS. Pressure pattern shows the location and size of a shockwave 
 

Due to high ratio between ambient atmospheric pressure and the one inside 
the interface, gas jet forms a typical shockwave of subsonic and supersonic jet 
streams. The hot gas flow entering the inner space of the interface rapidly 
accelerates forming shockwave near the boundaries of the region of maximum 
flow rate. High-pressure zone appears at the distance of 8 mm from the sampler 
orifice. This zone is a Mach disk producing sharp deceleration of the flow after 
its length (Fig. 8c). Its position can be estimated from the expression: h = 
2/3·D·(p0/p)1/2 = 10.08 mm, where D is a diameter of the sampler orifice, p0 is 
an ambient pressure, p is a pressure on the outlet of the pre-chamber interface. 
Results of simulation of temperature and velocity in supersonic flow after the 
sampler cone has been compared to experimental works of Spencer et. al. 
/1/.The number of “Mach diamonds” formed by the shock waves during 
propagation of supersonic gas jet inside the interface varies for cold and heated 
gas conditions. 

Numerical simulations first time revealed rapid periodical deflection of the 
supersonic jet inside the MS-interface along the walls of the sampler cone (that 
is caused by the asymmetrical rotational way of plasma injection) with the 
frequency of rotation of the central jet before entering the sampler. This rotation 
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is visualized by high-speed plasma flow imaging using our plasma-diagnostic 
experimental complex. According to our estimates, the frequency of the process 
of plasma jet deflection is about 180 Hz, which agrees well with the results of 
numerical simulation of hot gas flow dynamics in the interface (168 Hz).  

Almost the same approach is applied for simulation of a technological 
atmospheric pressure ICP (TICP) that is used for production of powders having 
a spherical shape of particles.  In contrary to spectroanalytical ICPs, TICP has 
larger size, power and gas consumption and a lower operating frequency of EM 
fields. Evolution of the particles of the powder is included in the model together 
with thermal and gas-dynamic load of the plasma by the particles. Trajectories 
of the particles are calculated taking into account the gas-dynamic drag force 
and the gravity. Processes of heating of the particles within the plasma with the 
subsequent melting and evaporation are calculated. Heat exchange between the 
particles and the plasma is calculated during the particle movement. The drag 
force and the particle heating are taken into account in the plasma equations. In 
this way the gas-dynamic and the heat load of the plasma from the particles are 
calculated. Results of simulations are presented in Fig. 2. Spatial temperature 
distribution within the TICP significantly differs from the temperature pattern 
inside the spectroanalytical one. Formation of a high-temperature zone near the 
central inlet tube is caused by a toroidal vortex near the induction zone of TICPs 
(Fig. 2-c). This vortex introduces some instability, mixes the downstream gas 
flow and prevents penetrating of the powder particles into the plasma. 
Commonly the vortex is attributed to an influence of a radial component of 
Lorentz forces on the ionized gas.  

 
Fig. 2 − a) Temperature distribution in TICP. b) Powder particle trajectories. c) 

A cross-section of a plasma domain with argon flowlines and particle 
trajectories: trapped (red) and free one (blue) 
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Evolution of powder particle shape along its trajectory in TICP has been 
modelled using the phase field method to track an argon-liquid metal interface 
(Fig. 3). Particle color corresponds to its temperature and each frame 
representing its shape is arranged according to x-axis of a temperature plot (Fig. 
3-a). Particle sphericity has been estimated as a mean square of its radius. For 
steel particle having a diameter of 50 μm time of complete melting equals tmelt = 
0.55 ms and time of spheroidization equals tsph = 1.13 ms respectively. The 
developed model allows to predict behavior of various powders in the TICP for 
a variety of operating conditions. 

 
Fig. 3 − a) Evolution of a shape of a 50 μm steel particleduring its heating in 
plasma (temperature is shown in blue line). b)Particle sphericity and its liquid 

fraction during the phase change 
 
 

Acknowledgements. This work is supported financially by the Ministry of 
Education and Science of the Russian Federation (research grants 
№14.Z50.31.0023 and 9.3236.2017/4.6), Russian Foundation of Basic Research 
(contract №18-42-160015\18), and Federal Target Program 1.3 (agreement № 
14.578.21.0245). 
 
References 
 
1. Radicic W., Olsen J., Nielson R., Macedone J., Farnsworth 

P.Spectrochim. Acta Part B. 61(2006) 689–695 

 
 

Plasma Physics and Plasma Technology 9____________________________________________________________________________

278



THE EVOLUTION OF INTENSITY OF FeO BAND, TEMPERATURE 
AND ELECTRON DENSITY OF LASER INDUCED PLASMA ON THE 

IRON OXIDE SURFACE 
 

T.A. Labutin, S.M. Zaytsev 
 

Lomonosov Moscow State University, Department of Chemistry,  
Moscow, Russia timurla@laser.chem.msu.ru 

 
The systematic registration of optical emission spectra resulting from 

impact events in the Earth’s atmosphere is currently being used for the 
unambiguous determination of the mechanism of the ablation of astral bodies of 
natural and industrial origins. From the practical point of view, such research is 
important for the prediction of possible consequences of a collision of a large 
body on the order of tens of meters in a diameter with the Earth surface (the so-
called "the asteroid hazard") as well as for dealing with the cosmic debris. 
Moreover, a reliable interpretation of optical spectra makes possible to assess 
the molecular composition of exoplanet atmospheres (so called “hot Jupiter”), 
which is one of the “key” to study evolution of planetary atmospheres. The of 
temperature dependent electronic spectra of diatomic molecules is necessary for 
such a study, but ab initio calculations of electronic spectra of the very important  
iron-monoxide (FeO) is extremely complicated. At the same time the modeled 
data can be supplemented by experimental spectra. The temperature of plasma 
formed by the meteor entering the atmosphere is close to those one of 
nanosecond laser-induced plasma on solids at delays of 0.5-10 μs. Thus the 
laser-induced breakdown spectra can be used for simulation of ablation 
processes occurring when meteorites enter the upper layers of the Earth's 
atmosphere. The aim of this work is the investigation of FeO band in laser 
induced plasma at different delays. The evolution of the plasma in time (the 
intensity of molecular bands, iron atomic lines, temperature and electron 
density) was obtained for plasma spectra formed on the surface of model object 
(iron oxide). 
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Hydrogen plasmas can be created in different ways and have a wide range 

of applications. One of the applications is diamond films deposition.  It has been 
found that high quality diamond films are grown in hydrogen diluted plasma, 
and that the atomic hydrogen present in these plasmas is essential for getting 
high-quality films.  Argon additive to hydrogen can enhance hydrogen plasma 
characteristics as the energy of metastable argon states, forming at Ar atom 
collisions with electrons, can be transferred to hydrogen molecules and then it 
can initiate dissociation and ionization of H2 molecules. The high density low 
pressure hydrogen arc plasma has been used in various applications such as 
lighting sources, PACVD processes, synthesis of nano-powders, thermionic 
energy conversion, and electric propulsion. Modern technologies need a large 
volume discharge technique and diagnostic methods to control characteristics of 
the plasma.  

Generally, atomic hydrogen density can be estimated by OES technique 
using intensity ratio of atomic hydrogen and argon lines IHI/IArI. In the most 
simple case when both species are excited to radiative excited state by a direct 
electron impact from their ground state, and the excitation cross sections as a 
function of the electron energy have, for both species, the similar shape and a 
close threshold, and if principal quenching process, for both excited states, is 
radiative decay, the density ratio of hydrogen and argon atoms ArH NN /  is related 
with the intensity ratio IHI/IArI according to the following equation /1, 2/:  
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Here Aki, vki, maxσ , and kτ  are transition probabilities, frequencies, cross sections 
in maximum and life times.  

At low pressures in condition of corona equilibrium this rigid requirements 
are fulfilled. But at moderate and high pressures quenching of the excited state 
species by atoms and molecules are not negligible and should be taken into 
consideration /3/. Here the problem of choosing suitable pair of HI and ArI lines 
for obtaining atomic hydrogen density and H2 dissociation degree in moderate-
pressure arc condition is studied. The Balmer-Serie Hα (656.3 nm) and ArI 
(750.4 nm) lines are usually taken for this purpose /3, 4/. Also   Hγ (434.0 nm) 
and ArI (811.5 nm) lines were proposed as most suitable /5/ as well as Hα (656.3 
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nm) and ArI (696.5 nm) /1/. Therefore the using Hα (656.3 nm), Hγ (486.3 nm) 
and Hγ (434.0 nm) of Balmer-Serie as well as ArI 750.4 nm (2p1→1s2) and ArI 
811.5 nm (2p9→1s5) lines were considered.  

The problem of using Hα (656.3 nm) to ArI (750 nm) intensity ratio 
consists in great difference between excitation threshold energy for radiative 
states of this lines, namely Eth

Ar=13.47 eV and Eth
H=12.09 eV. Therefore at using 

this intensity ratio it is necessary to know the electron energy distribution 
function (EEDF) to calculate excitation constants kexc or at least the EEDF at 
thresholds fth /1/:    
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An accurate knowledge of the EEDF is not a simple task. Fig. 1 shows the 
EEDF in Ar-H2 mixtures as functions of Ar fraction in the mixture at a fixed 
reduced electric field (E/N) and of E/N at a fixed Ar fraction in Ar-H2 mixture. It 
is clear the EEDF transforms at variation of mixture composition and very 
strong depends on E/N. 

 
Fig. 1 - The EEDF in Ar-H2 mixtures as functions of argon fraction in the mixture at E/N=40 

Td (a) and of reduced electric field at Ar fraction in Ar-H2 mixture of 10% (b) 
 

 
Fig. 2 - The electron temperature as functions of reduced electric field and argon fraction in 
the mixture Ar-H2 (a) and ratios of EEDFs at threshold energies fthAr/fthH as functions of the 

Balmer-Serie H line threshold energy (b); Eth
Ar=13.47 eV 
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Fig. 2 show the electron temperature in Ar-H2 mixtures as functions of 
reduced electric field and argon fraction in the mixture and ratios of EEDFs at 
threshold energy for ArI 750 nm line and H lines of Balmer-Serie. 

Utilizing Hγ (434.0 nm) and ArI (811 nm) lines is solve the above 
mentioned problem as difference between excitation threshold energy of the 
radiative states is very small for this lines, namely Eth

Ar=13.076 eV and 
Eth

H=13.05 eV. But the lower state 1s5 of ArI 811 nm (2p9→1s5 transition) is 
metastable and therefore the possibility of the emission re-absorption is great. 
Also possibility of quenching the excited state by atoms and molecules increases 
due to life time of Hγ upper level (n=5) is greater (87.1 ns) as compared with life 
time of Hα upper level (n=3), 10.2 ns. 

Here the line intensity ratio technique for estimation of hydrogen-to- argon 
density ratio and hydrogen molecule dissociation degree in arc discharge in Ar-
H2 mixtures at moderate pressures (2-3 Torr) is analyzed. Ratios of three H lines 
(alpha, betta and gamma of Balmer-Serie) to ArI 750 and ArI 811 nm lines were 
analyzed and effect of Ar fraction in the mixture on H2 dissociation degree was 
studied. Hydrogen dissociation is obtained with the line intensity ratio technique 
taking into account difference into excitation energy of the radiative levels. 
EEDFs in Ar-H2 mixtures were calculated as functions of the reduced electric 
field while electron temperatures were estimated using OES technique.  

The moderate-pressure discharge in a large chamber (approximately 0.5 m 
in diameter) is ignited between stainless steel anode and moderate stainless steel 
cathode assembly; the electrodes were disposed at 90o angle to each other at 
distance of 40 cm. The discharge chamber was evacuated up to residual pressure 
of 2*10-5 Torr and then H2-Ar mixture were injected up to 3-3.5 Torr. Ar/H2 
ratio was varied in the range of 0.01-0.15 by adjusting a ratio of gas flow rates. 
The discharge current was 150 A and voltage was varied in a range of 220-250 
V. Radiation of the moderate-pressure arc was collected by a collimated lens, at 
that the arc column was generally aligned along the optical axis, and then was 
focused at the fiber optic cable divided in 4 channels to conduct radiation toward 
a set of four Ocean Optics spectrometers HR-4000. Relative sensitivity of the 
devices as a function of wavelength was calibrated using the DH-2000-CAL /6/.  

Fig. 3 shows typical spectra of the arc discharge plasma in Ar-H2 mixtures 
in the wavelength range of 400-800 nm. H2 dissociation degree kD calculated 
after measurement of NH/NAr ratio using IH/IAr intensity ratio of Hβ, Hγ and Hδ 
lines to ArI (750 nm) according to (2) is shown in Fig. 4a. It is clear, the three 
ratios give different H2 dissociation degree; the difference increases with growth 
of Ar fraction in Ar-H2 mixture. Fig. 4b presents H2 dissociation degree 
calculated with taking into account quenching of the radiative states by Ar atoms 
and H2 molecules. One can see, the consideration of quenching allowed getting 
closed values of kD for all three intensity ratios, at that the kD value elevated. The 
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calculated H2 dissociation degree increased into 2-3 times when ArI (750 nm) 
was replaced with ArI (811 nm). The latter can be referred to the emission re-
absorption by the metastable state 1s5 of Ar. 

 
Fig. 3 - Typical spectrum of the arc discharge plasma in Ar-H2 mixture 

 
Fig. 4 - The H2 dissociation degree derived from IHα/IAr, IHβ/IAr and IHγ/IAr as functions of  

Ar/H2 ratio. P=3.0-3.5 Torr, I=150A, U=223-250 V 

It is seen that increasing Ar fraction in Ar-H2 mixtures results in growth of 
the H2 dissociation degree. Rise in H2 dissociation with increasing Ar/H2 ratio 
can be related to contribution of Ar metastable states in H2 dissociation. 

 
Acknowledgements. The author is very grateful to Dr. V. Gorokhovsky for 
kindly provided emission spectra of the arc discharge.   
 
References 
1. Avtaeva S.V., Mamytbekov M.Z. and Otorbaev D.K. J. Phys. D: Appl. 

Phys., 30 (1997) 3000–3007; High Temperature, 36 (1998) 176-182. 
2. Galtsev V.E.  et al. High Energy Chemistry 17 (1983) 164–166.  
3. Gicquel A. et al. J. App. Phys., 83 (1998) 7504-7521. 
4. Ma J., Ashfold M.N., Mankelevich Y.A. J. App. Phys., 105 (2009) 043302. 
5. Radishev D.V. Optical methods for studying plasma in mw reactors and 

characteristics of the films produced in them. Thesis, Nizhny Novgorod (2009). 
6. Avtaeva S. et al. Spectrochimica Acta. Part B, 124 (2016) 25–39.  

____________________________________________________________________________6. Plasma spectroscopy and other diagnostic methods

283



RELATIONSHIP OF SPECTRAL AND TEMPERATURE 
CHARACTERISTICS IN AN ACOUSTOPLASMA GAS DISCHARGE 

 
A.S. Abrahamyan*, T.J.  Bezhanyan, R.Yu. Chilingaryan  
 

Institute of Applied Problems of Physics, NAS RA, 25 Hr. Nersisyan str., 
 0014, Yerevan, Armenia, *E-mail: arbel11@mail.ru 

 
In this paper emission spectra of the radiation of a working mixture of a 

CO2 laser are presented. The radiation of a CO2 laser largely depends on the 
behavior of the nitrogen molecule, which in collisions transfers energy from its 
metastable level {X1Σg

+, v = 1} to the upper laser level of the CO2 molecule (v is 
the vibrational quantum number). In an electrical discharge up to 50% of 
nitrogen molecules pass into a vibrationally excited state /1/. In the emission 
nitrogen spectra, the first and second positive systems (FPS, SPS) and the first 
negative system (FNS) /2/ for ionized nitrogen are most easily excited. 

The emission spectrum of a working mixture of a CO2 laser (CO2 : N2 : 
He = 1 : 1 : 8) prepared under laboratory conditions (hereinafter laboratory 
mixture) and the emission spectrum in a working laser with a mixture filled at 
the factory was studied (in order to increase stability and service life of the 
mixture in factories use different additives), as well as spectra on specially 
manufactured tubes. 

The emission spectrum of a glow discharge in the region (300-800 nm) 
was investigated. It is shown Fig. 2 that the emission spectrum of the laser 
mixture well repeats the emission spectrum of pure nitrogen. Therefore, for the 
mixture, the radiation energy in the bands FNS (384-428 nm), FPS (575-689 
nm) and SPS (350-436 nm) was considered (in relative units). In fact, the bands 
are a little wider, the areas of the most intense lines of bands are chosen. 

The spectra were compared when the discharge was powered by a direct 
current and in the acoustoplasma mode (when the discharge was powered by a 
modulated current containing a constant and a variable component). The average 
current in both cases was the same. 

On the discharge tubes of working lasers of the type LG-23 (several Watts 
in power) and with the factory mixture and the laboratory mixture, the emission 
spectrum was measured orthogonally in the cathode discharge region. On 
specially manufactured discharge tubes filled with a laboratory mixture, 
measurements were taken along the axis of the entire discharge. From the 
discharge, the radiation from the optical fiber was fed to the computer 
spectrograph Ocean Optics PC-2000. All tubes were water-cooled with a stable 
water temperature. 
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Temperature measurements in the argon discharge were carried out 
separately on tubes without water cooling /3/. A microwave radiometer with a 
wavelength of 8 mm was used. Fig. 1 shows the temperature dependence on the 
discharge axis in argon from the amplitude of the variable component of the 
discharge current. Graphs are given for three gas pressures in the tube: 25, 200 
and 400 torr. 
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Fig. 1 - Dependence of temperature on the discharge axis on the amplitude of 

the variable component of the discharge current I (~). The modulation frequency 
f = 5.4 kHz, the discharge current component constant I0 = 30 mA 

 
It can be seen from Fig. 1 that only at high pressures the temperature in 

the discharge begins to increase with the increase of the variable component. 
This is due to the increasing role of discharge contraction. It should be noted 
that when contracting in an acoustoplasma with increasing of variable current 
components, the discharge diameter decreases, and with increasing of constant 
current components, the discharge diameter increases. In a plasma without an 
acoustic perturbation (discharge at a direct current) under ordinary thermal 
contraction with increasing current, the discharge diameter decreases. 

At low pressures, the temperature on the discharge axis varies little. With 
an increase in the variable current components from 0 to 3 mA, the temperature 
decreases from 1300 to 1000° K, and then remains constant with increasing 
variable current components up to 12 mA. For large values of the component 
variable, contraction began, because of which the temperature increased. Thus, 
in a water-cooled tube, the temperature at the discharge axis is ~ 1000° K, and 
on a cooled wall ~ 300° K, if the apparent diameter of the discharge is ~ 5-8 
mm. We recall that for generation in a CO2 laser, the temperature of the working 
mixture should not exceed 800° K. Therefore, the gas pressure in the tube must 
be less than 25 torr. In addition, because of the best heat transfer, the 
temperature at the discharge axis of the laser mixture is lower than in argon. 

Fig. 2a shows the spectrum of the mixture (CO2 : N2 : Ne). In Fig. 2b, the 
difference spectrum (spectrum of the mixture minus the spectra of CO2 and He) 
is presented. It is seen from Fig. 2 that the spectrum of the mixture well repeats 
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the spectrum of pure nitrogen. Therefore, in the following we consider spectral 
regions in the bands FNS, FPS and SPS, which are characteristic for pure 
nitrogen. 

 
а)      b) 

Fig.2 - Comparison of the mixture specrtrum (a) and the difference spectrum (b) 
 

We represent the total energy in the spectral band 300-800 nm as ε (300-
800), and the total energy in the band, for example FPS, as ε (FPS) = ε (575-
689). Then K (FPS) = ε (FPS) / ε (300-800) shows what fraction of the total 
energy in the band 300-800 nm is the energy of the FPS band. The same is done, 
accordingly, for the bands FNS and SPS. 

Fig. 3 shows the K(FPS) dependence on the discharge current modulation 
frequency, measured along the discharge (along the entire positive column and 
cathode region). It can be seen that the fraction of the energy of the FPS band 
increases insignificantly with increasing modulation frequency. 

Fig. 4 shows energy diagrams of the FPS band from the cathode region of 
working lasers. Index (W) - corresponds to a laser that is filled with a mixture in 
the factory; index (L) corresponds to a laser that is filled with a mixture (CO2 : 
N2 : He = 1: 1: 8) in the laboratory. 

It is seen from Fig. 4 that when the transition to the acoustoplasma mode 
occurs, the energy shares in the cathode region in the FNS and FPS bands for the 
laser with the factory mixture increase, and for the laser with the laboratory 
mixture decrease. 

 
Fig. 3 - Dependence of the energy fraction in the spectrum of the first positive 

nitrogen system (FPS) on the total energy in the band (300-800) nm on the 
modulation frequency of the discharge current. P0 = 2 torr; I0 = 20 mA; I(~) = 20 

mA; Gas mixture (CO2 : N2 : He = 1 : 1 : 8) 
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a)       b) 

Fig.4 - Energy diagrams of the FNS and FPS bands in the cathode region of 
operating CO2 lasers. DC - laser powered by direct current, AP - acoustoplasma 

mode, P0 = 12 torr, f  = 30 kHz, I0 = 10 mA, I (~) = 8 mA 
 
From a comparison of Fig. 3 and Fig. 4, it can be seen that in the 

transition to the acoustoplasma mode the behaviour of the cathode region and 
the positive column is differently. The methods used in the work can be used to 
determine the parameters of the acoustoplasma discharge by optical methods. 
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Introduction Thin films have aroused interest for a long time due to their 

unique properties, which greatly distinguish them from a massive material, 
primarily due to their conductivity and optical properties. Argon-silane plasma 
is used for microcrystalline silicon thin films deposition, which are used for 
solar cells creation /1/. In order to avoid long-term searches for the process 
parameters at which a film of the required quality is obtained, it is important to 
have an idea of the gas-phase processes occurring in the plasma and their 
correlation with the deposited silicon layers. Thus, the investigation of plasmas 
in such conditions is an actual task. 

One of the most common methods of plasma diagnostics is the Langmuir 
probe /2/. According to the probe characteristic, it is possible to obtain 
information of the electron temperature and density, plasma potential, and, in 
general, the electron energy distribution function, which are important 
characteristics of the plasma. 

The purpose of this paper is determination working conditions of an 
advanced cold plasmatron (prototype) in the forevacuum range of pressures in a 
reaction chamber, at which obtained plasma parameters are close to the 
parameters generated by the model of a cold plasmatron /3/. 

Experimental setup and technique Experiments were carried out on a 
low-density gas-dynamical setup at the Institute of Thermophysics of SB RAS. 
The scheme of the experiment is shown in Fig. 1. 

 
Fig. 1 - The scheme of the experimental setup 
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A prototype of a cold plasmatron /4/ consisting of an electron gun (1) with 
a hollow cathode (2) and an axisymmetric supersonic annular nozzle (3), adapt 
for argon supplying to a working chamber, was used as a plasma generator. 

A double Langmuir probe (4) with a diameter of 0.5 mm and a length of 4 
mm was used to determine the plasma parameters in this work. The probe was 
attached to a two-component coordinate mechanism (5) 5 mm below the beam 
axis to avoid damage from the impact of the primary electron beam (6). The 
measurement error was no more than 10%. 

The beam current was monitored by means of an electron collector (7). 
Argon was fed into the reaction chamber through the nozzle block and formed a 
supersonic gas jet (8). 

Using a double probe, secondary electrons temperature and density were 
measured in a free argon jet. The data obtained in the work were compared with 
the plasma parameters obtained earlier on the model of a cold plasmatron /3/, for 
which the regimes of deposition for device quality silicon layers were 
determined /5/ and correlations between the plasma parameters and 
characteristics of deposited silicon films were obtained /6/. 

Results and discussion Fig. 2 shows the secondary electrons temperature 
and density dependence on the argon flow rate in the electron beam plasma 
generated by the cold plasmatron prototype at a beam current of 75 mA. The 
beam energy was 0.6 and 1.0 keV. The pressure varied from 1 to 4 Pa, 
depending on the flow rate of argon. 

 
Fig. 2 - Dependence of the temperature and concentration secondary electrons 

on the flow rate of argon 
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In both cases, argon flow rate growth leads to electron temperature 
decreases and density increases. 

As was shown earlier /3/, this behavior of the temperature dependence on 
the flow rate of argon is explained by the scattering and degradation of the 
electron beam on dense regions of the gas jet. In the case of the model, almost 
complete scattering of the electron beam is observed, and the electron 
temperature reaches a constant value. On the prototype, the temperature of the 
secondary electrons is higher and there is no temperature achievement to a 
constant value, although the trend of behavior is remaining. This can be 
explained by the fact that the gas target in both cases is the same in its 
properties, while the primary beam energy for the prototype is almost twice 
higher. Such a high-energy electron beam does not completely dissipate on the 
gas target and creates plasma with a higher electron temperature. 

The electron density increases sharply with argon flow rate growth. The 
smaller secondary electrons density in the case of a prototype with primary 
beam energy of 1 keV can be explained by the fact that a higher-energy primary 
beam "flies" through a gas target with less scattering, and correspondingly, a 
smaller number of newly formed electrons. 

To confirm the above assumption about the incomplete dissipation of the 
primary beam on the gas target, the energy of the electron beam of the prototype 
was reduced to 0.6 keV. The obtained temperature and the density of secondary 
electrons are close to those obtained earlier on the model, which confirms the 
hypothesis of incomplete scattering of an electron beam on a given gas target. 
Increasing the energy efficiency of the process, consisting in the maximum 
using of the primary electron beam energy, is possible not only by reducing the 
energy of the beam, but also by compression the gas target by increasing the 
pressure in the reaction chamber.  

At the same pressure, the electron temperature in the plasma of prototype is 
substantially higher than in the model, the density is lower, which was explained 
above by the incomplete scattering of the primary electron beam. As the 
pressure in the vacuum chamber increases, and as a result, the gas target 
becomes denser, the temperature of the electrons in the prototype plasma 
decreases and approaches the value obtained earlier on the model. Density, on 
the contrary, grows, and even at a pressure of 7 Pa it slightly exceeds the values 
obtained earlier, and at a pressure of 15 Pa it is more by a factor of 1.6. The 
obtained difference is in good agreement with the fact that under conditions of 
complete scattering of the electron beam the number of produced secondary 
electrons is determined by the energy of the primary electron beam divided by 
the ionization potential. A similar behavior of the electron density as a function 
of the pressure is observed in other authors /7/. 
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The conclusion It is shown that on a cold plasmatron prototype at a 
primary beam energy of 1 keV it is possible to obtain a dense, cold plasma with 
parameters close to obtained earlier on the model, which are favorable for the 
deposition of high quality silicon layers /6, 8/ in the forevacuum range of 
pressures. 
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The paper presents the results of spectroscopic investigation of an 

atmospheric pressured plasma jet generated by a DC plasma torch. Plasma gas is 

a mixture of helium with a hydrocarbon (propane, butane, methane, acetylene), 

the ratio of components in which is 3:1 - 5:1. Hydrocarbon is being converted 

into nanostructures of various morphology from nanotubes and graphene to 

carbon nano-onions. Resulting product morphology and properties depend on a 

wide range of parameters such as power input into the arc and ratio between 

helium and hydrocarbon. The aim of the work is to study the composition and 

parameters of the plasma by methods of optical emission spectroscopy.  

To record the emission spectra, an AvaSpec 2048 optical fiber 

spectrometer was used. The spectrum of a pure helium plasma jet at atmospheric 

pressure and 7-8 kK temperature presents itself in the UV band as a set of the 

strongest atomic He I lines at 318.7, 447.1, 587.5, 587.5, 667.8, 706.5 nm. At 

the same time, emission intensity of the continuum is small and negligible. The 

main role in the radiation energy transfer for such plasma should be performed 

by vacuum ultraviolet lines which correspond to the radiative transitions of the 

excited atoms to the ground state. However, this radiation turns out to be 

optically locked due to the high concentration of absorbing helium atoms in the 

ground state /1/. Thus, for pure helium plasma, radiation does not play a 

significant role in the energy balance.  

The main energy loss mechanism of a helium plasma jet is thermal 

conductivity. High transport properties of helium /2/ being a low-mass gas also 

have an effect on the balance of charged particles in plasmas /3, 4/: intensive 

diffusion losses of charged particles from the arc column lead to the appearance 

of ionization-type nonequilibrium and of substantial overpopulation of the 

atomic ground state. Another characteristic feature of helium is а big energy gap 

between the ground state and the first excited state (about 20 eV), which further 

aggravates the nonequilibrium of the distribution of helium atoms over excited 

states. Also, a consequence of high transport properties of helium is the presence 

of sharp temperature and electron density gradients in the radial direction in the 

plasma jet /5/. The above factors lead to the fact that the equilibrium-based 

methods for determining the parameters of the atmospheric pressured helium 

plasma in the general case turn out to be inapplicable /1-7/, and each specific 
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study of this kind of plasma objects requires the researcher to develop individual 

approaches to this kind of research. 

When propane-butane is added to the helium arc of atmospheric pressure, 

lines of the carbon atoms appear in the plasma emission spectrum, the brightest 

of which being C I 247.9 nm, hydrogen lines H-α and H-β, and a wide range of 

molecular Swan and CN bands. The spectra recorded at various distances from 

the outlet of the plasma torch nozzle are shown in figures 1a, b and c. 

The spectrum in Fig. 1a, in addition to the atomic helium and carbon 

lines, as well as molecular bands of carbon compounds, contains atomic copper 

lines, which were injected into the plasma from the copper walls of the 

plasmatron channel.  

The spectrum in Fig. 1b is extremely saturated and informative. The 

intensity ratio of the allowed and forbidden components of the He I 447.1 nm 

line having two peaks, lets us find electron concentration near the plasma torch 

nozzle outlet /8/, which according to this estimate is ne ≈ 2·10
16

 cm
-3

. The 

method for determining ne using the half-width of the atomic hydrogen line Hβ 

/9/, which is also present in figure 1b, confirms the obtained value. The main 

radiating components here are the molecular bands C2 and CN. The most 

interesting for this study are the C2 bands, which appear at the initial stage of 

carbon nanostructure synthesis. Intensive and non-overlapping with other 

radiating components C2 molecular bands in the wavelength range 440-570 nm 

allowed us to determine the vibrational TV and rotational temperature TR for this 

molecule. For this purpose, a model was superimposed on the experimentally 

recorded spectrum, the temperatures set during the calculation were varied to 

achieve the best fitting of both spectra. Using a set of emission spectra of the C2 

molecule in the wavelength range 440-570 nm at various distances from the 

nozzle outlet of the plasmatron, an attempt was made to estimate the changes in 

the vibrational TV and the rotational temperature TR along the jet. For this case, 

an experimental fact was revealed that over the entire observed arc length and, 

accordingly, in the whole investigated temperature interval of the axial region of 

the plasma, the emission spectra of the C2 molecules match each other and differ 

only by constant factor and correspond to temperatures TV = TR = 5000 K.  

The spectrum in Fig. 1c contains a large set of atomic carbon lines; the 

analysis of their relative intensities makes it possible to determine the electron 

temperature Te in the studied plasma by the "Boltzmann exponential" method 

/10/. The obtained values of Te at various distances from the outlet of the nozzle 

of the plasma torch z are shown in Table 1. Due to the fact that the obtained 

temperatures turned out to be lower by more than an order of magnitude than the 

carbon ionization potential (11.26 eV), we can conclude that the measured 

temperature refers to the hottest region of the plasma stream, namely to its axis.  
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Fig. 1 – Plasma radiation spectra of helium and hydrocarbons mixture at 

different distances from the plasmatron nozzle outlet 
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Table 1. Values of Te at different distances z from the plasma torch nozzle. 

z, mm 0 5 10 15 20 

Тe, K 7300 7000 6900 6800 6600 

 

As the distance from the plasmatron nozzle increases,Te is expected to 

decrease, but for the entire investigated interval it remains above the  

rotational TR and vibrational TV temperatures determined from the emission 

spectra of the C2 molecule. This fact indicates that the maximum radiation 

intensity of C2 molecules is not achieved at the axis of the jet, but at a lower 

temperature (5000 K according to the estimates given) at its periphery, where 

this temperature is realized. It is worth noting that due to the high transport 

properties of helium, which is a plasma-forming gas, the temperature drop with 

the radius can be quite sharp, and the distance corresponding to the C2 radiation 

maximum is about 1 mm from the jet axis. 
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To determine the qualitative and quantitative composition of substances, 

various physical methods are used, among which the most promising are the 
spectral methods. Among them, the highly-informative and expressive method is 
the method of laser-emission spectral analysis (LIBS) /1/. 

The use of the two-pulse excitation regime of the investigated objects 
significantly expanded the analytical capabilities of the LIBS method. In /2/, the 
monopulse and two-pulse regimes of plasma excitation are compared. In 
subsequent experiments /3/, it was shown that when an aluminum alloy was 
exposed to a double laser pulse with an energy of 50 mJ and a delay of 
25 ± 3 μs, the intensity of the spectral lines (Al III 704.2 nm, Al II 624.3 nm) 
increased by 8-10 times in comparison with the monopulse regime. 

In addition to metals, the LIBS method was used to determine the amount 
of C /4/ and Be /5/ and in soils. In /5/, optimal delays between twin pulses 
(~0.5 μs) were established at different ablation energies, which allowed reaching 
of the maximum intensity values of the spectral lines (C I 247.86 nm, 
Mg I 285.21 nm, Si I 288.16 nm) for soil samples. 

Considerable practical interest for manufacturers of ceramic building 
materials is the research of clays contained in the soil. The analysis of literature 
sources shows that there are no publications devoted to the optimization of the 
LIBS method for studying of the composition of technological clays. 

The purpose of this paper is to study the effect of the energy of twin laser 
pulses and the time delay between them on the intensity of the spectral lines of 
the laser-emission plasma of technological clay. 

The objects of investigation were tableted samples of powdered red and 
white clay of different composition. As shown in /7/, the concentrations of 
macro- and microelements in red and white clay differ by 3-5 times. Samples 
preparation were carried out in accordance with the method of  
MVI. MN 4092-2011 /8/. 
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a) E = 17,3 mJ 

 

 
b) E = 30,5 mJ 

 
c) E = 45,2 mJ 

 

 
d) E = 61,6 mJ 

 
Fig.1 - Dependences of the intensity of spectral lines Mg II (279.6 nm), 

Al I (309.4 nm), Ti II (323.6 nm), Al II (358.7 nm) laser-emission plasma of 
white clay on the delay between the double pulses 
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Dependences of the intensities of the spectral lines on the delay between 
twin laser pulses were studied with a laser emission spectrometric analyzer 
(LIBS) /9/. The delay between the double pulses varied from 0 μs to 10 μs in 
1 μs increments. The zero delay corresponded to a single pulse. This range of 
delays was chosen to analyze the contribution to the emission plasma of its 
various components. According to /10/, in this time interval, mainly ion 
emission occurs (0.1-2 μs) and excited atoms (0.5-50 μs). 

The sample was tested by five twin laser pulses with a repetition rate of 
1 Hz. Under the influence of laser radiation, a laser-emission plasma was formed 
on the sample under study. Registration of the emission spectra of the plasma 
was carried out in a direction close to the inverse of the laser beam. The 
analyzed spectral lines were estimated from the maximum intensity values. For 
each point on the graphs, 10 series of measurements were carried out. The 
obtained extremums were subjected to additional experimental verification by 
an analogous number of measurements. All experiments were conducted in an 
air atmosphere. 

The dependence of the intensity of the analyzed spectral lines on the delay 
between pulses for samples of red and white clay was investigated. Since the 
experimental dependences for white and red clay differed insignificantly, the 
article gives the results of studies of only white clay. Fig. 1 shows the 
experimental dependences of the intensity of the spectral lines of 
Mg II (279.6 nm), Al I (309.4 nm), Ti II (323.6 nm), Al II (358.7 nm) laser 
emission plasma of white clay from the delay between laser pulses with total 
energy: 17.3 mJ (a), 30.5 mJ (b), 45.2 mJ (c), and 61.6 mJ (d). 

It follows from Fig. 1 (a-d), at all energies of the twin laser pulses, the 
maximum intensity of the spectral lines being analyzed λAl1 = 309.4 nm; 
λMg = 279.6 nm; λTi = 323.6 nm; λAl2 = 358.7 nm is achieved with a delay of 
1 μs. The increase of the generation energy leads to an increase in the intensity 
of the spectral lines at the same value of the time delay. This allows us to 
conclude that the time delay of 1 μs is optimal. Further, as the delay increases to 
10 μs, the intensity of the spectral lines decreases. This may be due to the 
damping of the luminescence of the ion component of the plasma of the primary 
pulse. At delays above 10 μs, the intensity of the emission lines is observed, as a 
consequence of the increasing energy contribution of the second pulse and the 
emission of excited atoms with increasing temperature plasma. 

Analysis of the experimental dependences shows that the transition from 
single pulses to doubles, with unchanged total energy and optimal delay (1 μs), 
leads to a twofold increase in the analytical signal. An increase in the energy of 
twin laser pulses from 17.3 mJ to 61.6 mJ leads to an increase in the sensitivity 
of the analysis, while the standard deviation decreases from 10 % to 3 %. 
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Thus, it can be concluded that the increase in the intensity of the spectral 
lines of the analyzed elements is associated primarily with the additional 
excitation of the primary plasma by the emission of the second pulse with an 
optimal delay, rather than with an increase in the amount of the evaporated 
substance. To study the trace element composition of technological clays by the 
LIBS method, it is necessary to use twin laser pulses of higher energy with a 
delay of 1 μs, which will increase the signal level by a factor of 2 times and 
reduce the standard deviation of the intensity spectral lines Mg II (279.6 nm), 
Al I (309.4 nm), Ti II (323.6 nm), Al II (358.7 nm) to 3 %. 
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Development of rocket propulsion systems is accompanied by expensive 
and dangerous fire tests, the effectiveness and accident-free operation of which 
may be provided by the use of reliable and highly effective means of functional 
diagnostics and monitoring. Traditional methods and technical means of control 
currently used in fire tests of propulsion systems are not always effective, and 
besides they do not provide the necessary level of speed and reliability, which 
does not allow them to be used for creation of modern control, diagnostic and 
emergency protection systems. The report presents the results of research works 
aimed at creation of high-speed sensor devices and software-hardware means for 
recording and processing of liquid-propellant rocket engines (LPRE) status 
parameters using non-contact optical, thermal, electromagnetic and other means 
of monitoring. Characteristics of created software-hardware complex that 
provides registration and real-time processing of LPRE plume optical radiation 
spectra, parameters of thermal, vibrational, acoustic, magnetic and electric fields 
of LPRE plasma flows, as well as regime parameters (flow rates, pressures, 
temperatures) and videodata of fire tests are presented. The results of studies of 
combustion and destruction processes of LPRE structural elements, time and 
amplitude-frequency characteristics of physical fields of LPRE plasma flows, 
and dependencies of properties of physical fields on engine regime parameters 
are shown. On the basis of experimental data analysis, selection of diagnostic 
features was carried out and the possibility of creating emergency protection 
systems for LPRE with increased speed was proved. 

Previous work / 1-4 / showed that the most promising for creation of 
systems for LPRE technical state monitoring may be utilization of an integrated 
approach based on simultaneous employment of optical, electrical, magnetic, 
thermal, acoustic, vibration and other methods and means of control. Taking into 
account these requirements, a software and hardware complex was developed 
(Fig. 1 and 2), which provides recording and processing in real time: 

• spectra of LPRE plume optical radiation in the wavelength range from 
300 nm to 1000 nm; 
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• values of the strengths and spectra of alternating magnetic (up to 50 A / 
m) and electric fields (up to 3 kV / m) in the frequency range from 20 Hz to 50 
kHz; 

• parameters of thermal fields (from 0 о С to 2000 о С and more); 
• parameters of vibrations and acoustic oscillations: 

- vibration amplitude up to 50g in the frequency range - 0.5 Hz to 12 kHz 
- sound pressure amplitude up to 146 dB in the frequency range from 2 Hz 

to 20 kHz, 
• regime parameters: pressure and temperature of the oxidizer, pressure 

drop on the oxidizer washer, fuel consumption, combustion chamber 
pressure, cooling water flow rate, boost pressure of fuel tanks, etc. 

• video data of fire test process. 
With the use of the developed complex, fire tests of model LPREs with 

various types of erosive critical section inserts, cooled combustion chambers and 
mechanisms for metal powders injection were carried out. During the fire tests, 
time and amplitude-frequency characteristics of physical fields (Fig. 3), their 
interrelationships with the processes of destruction of air-gas channel of LPRE 
and the regime parameters (pressures, flow rates, temperatures, etc.) were 
investigated; by monitoring characteristics of LPRE physical fields, the 
processes of particle penetration into the gas path of LPRE and the entrainment 
of materials during flame erosion of the elements of engine design were 
examined; diagnostic indicators were revealed. The results of tests and 
experimental operation of the complex have shown that the dependencies of the 
parameters of physical fields created by plasma flows on the pressure in the 
combustion chamber of LPRE can be used as diagnostic features for 
development of high-speed emergency protection systems for LPRE. It is found 
that the appearance of characteristic lines on the spectra of LPRE plume optical 
radiation is a reliable sign of the beginning of erosion and entrainment of 
materials during flame erosion of LPRE structural elements. As a result of the 
tests, the following was obtained: 
 • time dependencies and spectra of physical fields, reflecting the features of 
LPRE operation modes were registered and analyzed, 

• correlation links between parameters of physical fields and regime 
parameters of LPRE were revealed, 

• separate lines were registered against the background of continuous 
spectra of LPRE plume optical radiation during flame erosion of LPRE 
structural elements, 

• the dependencies of magnetic (electric) fields of plasma flows close to the 
engine nozzle on pressure in combustion chamber of LPRE are found to be close 
to linear (correlation coefficient 0.9), 
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a)                                                         b) 
  
Fig. 1 - General view of created software and hardware complex (a) and tested 

model liquid-propellant rocket engines (b) 
 

 
a) b) 

 
c) 

 
 

e) 

d) 
 

Fig. 2 - The main blocks of the software and hardware complex: 
a) Block for recording electric and magnetic fields. b) Temperature recording 

unit. c) Block for recording of optical radiation spectra. d) Vibration and sound 
recording unit. e) Location of sensors next to LPRE model:  

1,2 - magnetic and electric antennas, 
3 - microphone and vibration sensor, 4,5 - magnetic and electric field sensors, 6 

- thermocouples, 7 - pyrometer, 8 - spectrometer lens. 
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• an increase of amplitudes of  sensor signals and spectral power in certain 
frequency ranges at the time of injection of metal powders into engine gas path 
during experimental simulation of the process of flame erosion of LPRE 
structural elements was revealed, 

• it is shown that time dependencies of physical fields parameters and their 
spectra make it possible to identify the characteristic modes of LPRE operation: 
the oxidizer valve opening; ignition system switching on and off; fuel supply 
valve actuation; purging with nitrogen, 

• it is shown that parameters of physical fields, the features of their spectra 
and the dependence on engine regime parameters can be used as diagnostic 
features for high-speed LPRE emergency protection systems development. 

 
a) b) 

Fig. 3 - An example of time dependencies of  physical fields parameters (a) and 
the characteristic spectrum (b) of model liquid-propellant rocket engine. 

 

R&D was carried out within the framework of Russian-Belarusian 
cooperation on scientific and technical program of the Union State "Monitoring 
- SG". 
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The experimental setup of IPU-30 assembled in the IETP consists of pulsed 

plasma accelerator, a plasma duct with a length of 1 m, grounding and 

protection systems, a control panel and diagnostic equipment. The plasma 

accelerator is powered by the capacitor bank with a total capacity of 100 μF. The 

operating voltage varies in the range of 5-14 kV. The schematic diagram and 

operating principle of the experimental setup are described in detail in 

references /1, 2/. 

In this work, the discharge current was measured by using Rogowski belt. 

The belt of 400 coils is closed to the resistor R = 12 Ohm. The voltage drop in 

the resistance is measured by the digital oscillograph LeCroy 354A. One 

example of oscillograms obtained from the belt is shown in Fig. 1a. Figure 1b 

shows the dependence of the discharge current on the discharge voltage. 
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Figure 1. a) The oscillogram of the discharge current, b) the dependence of the 

discharge current on the discharge voltage 

 

The dependence (Fig. 1b) shows, that when the discharge voltage increases, 

the electric field between the electrodes increases, which leads to an increase in 

the ionization process, thereby improving the conductivity of the plasma.  

In thermonuclear reactors, the energy density of the plasma flow to the wall 

after the breakdown of the plasma pinch is several MJ/m
2 
/3/. In those conditions 

the study of the interaction of plasma with protective materials is one of the 

most urgent problems in thermonuclear research. A wire calorimeter was used to 

study the energy density of the pulsed plasma flow in the IPU-30. The wire 

calorimeter is a dielectric frame on which tungsten wires with a diameter of 100 
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μm are stretched at the same distance of 5 mm. The surface area of the wire is 

not large, so the wire calorimeter has a high thermal response when interacting 

with the plasma /2/. In the experiments for the measurement, the wire 

calorimeter was placed on the path of the plasma flow and covered the entire 

transverse area of the outer electrode. When a pulsed plasma passes through 

calorimeter, it gives it energy, the heat is absorbed by the wires, as the result of 

which, the wires heat up. 

The energy density of the plasma flow was calculated by equation 1: 

 

 

To measure the change in the resistance of the wire calorimeter, it was 

connected through a shunt to the oscilloscope. In the measurements, we 

recorded the voltage drop at the shunt of 86 Ohm, the value of which determines 

the change in the resistance of the wire calorimeter. One of the examples of the 

oscillograms of the voltage drop on the shunt resistance is shown in Fig. 2. The 

oscillogram from the calorimeter was divided into two ranges. Range 1 

corresponds to Fig. 2a, and range 2 corresponds to Fig. 2b. In Fig. 2a, when the 

time scale on the oscilloscope is set to 200 μs, one can see the appearance of the 

oscillation on the curve. The total width of the oscillations corresponds to the 

lifetime of the pulsed plasma. The difference between Fig. 2b and Fig. 2a, when 

the time scale on the oscilloscope is set to be long enough, is 2 seconds. 

 

 a)  b) 

 

Figure 2. The oscillograms obtained from a wire calorimeter 

 

In the range 2, the wire calorimeter operates as a thermal detector, that is, 

the change in the voltage drop across the shunt resistance occurs only due to the 

heating of the wires by the plasma flow. And in the range of 1 there are other 

effects. In our statements, the appearance of oscillation is due to the 

redistribution of charges in wires. Based on oscillograms, the energy densities of 

        
    

 

   
     (1) 
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the pulsed plasma were calculated depending on the gas pressure and the 

discharge voltage. The results are shown in Fig. 3a and 3b. 
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Figure 3. Dependences of the energy density of a pulsed plasma a) on the gas 

pressure and b) on the discharge voltage 

 

The dependence of the energy density of the plasma flow on the gas 

pressure (Fig. 3a) shows that as the gas pressure increases, the energy density of 

the plasma flow first increases, then at a certain value of the gas pressure 

reaches a maximum and decreases with further growth. This behavior of the 

curve is explained in accordance with Paschen's law. Fig. 3b shows that as the 

discharge voltage increases, the energy density of the pulsed plasma increases, 

due to an increase in the ionization energy of the gas.   

One interesting phenomenon, the appearance of non-stationary magnetic 

fields in a pulsed plasma also requires its study. In this work a magnetic probe 

was used to measure the magnetic field in a pulsed plasma. A magnetic probe 

consists of 15 coils. The area of the coil section is 7*10
-6

 m
2
. For measurement, 

the magnetic probe is connected to the oscilloscope through an integrating 

circuit. The integration time of the signal is 25 μs. Some of the examples of the 

oscillograms obtained from the magnetic probe are shown in Fig. 4. 

 

 a)  b) 

 

Figure 4. The oscillograms obtained from the magnetic probe: 

U = 11 kV, p = 2*10
-2

 torr, a) magnetic probe in horizontal position, b) 

magnetic probe in a horizontal position inverted for      
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To ensure that the magnetic probe is operating correctly, the magnetic 

probe is located at a fixed distance but in two different positions of the coil. In 

the first position, the axis of the probe coil was vertically aligned with the 

electrodes in the interelectrode space, and in the second position, the probe coil 

was turned upright      as in the first position. In this case, we should receive 

the same signals from the magnetic probe, but the inverse phases, which we 

obtained in the experiment, are shown in Fig. 4a and 4b. 

On the basis of these oscillograms, the values of the magnetic field of the 

plasma were calculated from the distance in the interelectrode space from the 

beginning of the end of the outer electrode, Fig. 5a, and from the value of the 

discharge voltage, Fig. 5b. 
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Figure 5. a) The dependence of the magnetic field of the plasma on the 

interelectrode distance from the beginning of the end of the outer electrode, 

b) the dependence of the magnitude of the magnetic field of the plasma on the 

discharge voltage 
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Studies of luminescence of SiO2 film observed in reactive ion-plasma 

etching (RIE) were carried out on a device with a discharge chamber of the 

RF diode type with a diameter of 120 mm, a detailed description of which is 

given in /1/. The processed samples were placed on a grounded electrode. The 

luminescence effect of SiO2 film on Si was found at RIE in the plasma of SF6 

gas, in which it has the highest intensity. Later it was also found that it is ob-

served less brightly in other fluorinated gases (CF4, С3F8). At the same time 

the intensity of a luminescence was periodically changing in process of de-

crease of thickness of a film of SiO2, that allowed to assume existence of an 

interference of light. For a research of a range of a luminescent glow a spec-

tral complex of KСВУ-23M was used. In fig. 1 shows an aliasing of emitted 

spectrums from a surface of the oxidized Si plate going at the moments ap-

propriately to a maximum and a minimum of intensity is shown. It is seen that 

in the wavelength range (λ) 330 - 650 nm the wide emission band with a max-

imum is observed at λ = 440 nm (ε =2,81 eV) which intensity does not change 

over time. In /2/ it is supposed that the luminescence of structure of SiO2/Si 

observed at a cathodeluminescence with a maximum energy of 2,7eV is 

bound to formation of luminescence centers in the field of the interface. Prob-

ably, a radiation spectrum presented in Fig. 1 is related to action of the similar 

centers. This type of luminescence is present in both reactive fluorinated gas-

es and inert ones. Its existence is caused by momentum transfer of ions in ox-

ide volume. The second type of emission is followed by fluctuation of intensi-

ty and is observed only in fluorinated gases in the range of 480 - 550 nm with 

a maximum near 515 nm that visually is confirmed by brightly green color of 

a luminescent emission. Source of this luminescence is the fluorinated surface 

of oxide that is confirmed by its fast attenuation at supply of noble gas instead 

of SF6 without switching off the discharge. Existence of time of attenuation is 

explained by physical atomization of the fluorinated SiO2 layer. At the inverse 

change of gases the luminescence renews. The fact that the luminescence 

emission in reactive gas comes from the surface layer of oxide also reflects 

the alternation of maxima and minima of its intensity which are linked to an 

interference of light waves demonstrates.  

The illustration of the course of the interfering waves entering on the 

sensor is given in Fig. 2: one - from a surface of the luminescent layer, and 

the other one - from a demarcation of SiO2 and Si. The interference maximum 

condition taking into account loss of a half wave on a demarcation of envi-

ronments registers as follows: 
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 )
2

1
(sin2 22  mnd , 

where d and n respectively thickness and a refractive index of light in SiO2;  

- a corner between a normal to a surface and the direction of a quartz light 

guide; m - integer numbers. 

 

 
 

Fig. 1 – Imposing of luminescent spectrums. Gas - SiF6 

 

 
 

Fig. 2 – Light interference illustration at the expense of the luminesc-

ing centers on a layer surface SiO2 

 

It should be noted that at the plasmochemical etching which is carried 

out at more high pressure (P), than RIE, luminescence is not observed though 

concentration of radicals of F (nF) in the category is higher. It is logical to as-

sume that the factor causing emergence of a luminescence at low P is the ion-

ic bombardment which energy increases with decrease of P of plasma-

forming gas. For confirmation of this assumption the experiment in which a 

wire was stretched over the surface of the oxidized Si plate and on which the 

negative shift concerning the earthed electrode was made. The increase in the 

displacement led to a decrease in intensity and to a termination of glow. Thus, 

this type of luminescence can be considered ionoluminescence. The role of 

ions can consist in two moments: first, the ionic bombardment leads to in-
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crease in a depth of penetration of fluorine into the treated surface, i.e. to an 

increase in the thickness of the luminescent layer. Secondly, ions are an ener-

gy source of exaltation of luminescence centers. Both of these processes play 

as larger role as energy of ions gets higher. So, for example, the intensity of a 

luminescent luminescence of SiO2 in SF6 at P = 1,33.10-1 Pa with increase in 

the amplitude of RF voltage (Urf ) from 1,0 to 1,8 kV increases approximately 

six times, while nF varies slightly.  

For increase in a share of interfering radiation in the common luminous 

flux the green light filter was used, and as the receiver of a light signal photo-

resistance of ФСК-1 was used. It allowed to trace efficiently dynamics of an 

interference of a luminescent emission depending on thickness of a layer of 

SiO2 which initial thickness in this case was 0,72 m (Fig. 3). According to 

the submitted schedule counting rate grows after inclusion of the category 

during the particular time depending on technological parameters of process. 

Possibly, existence of building-up period of intensity of a luminescence is 

bound up mainly with formation on a surface of a plate of the fluorinated lay-

er and a lesser extent with  a release of discharge to steady conditions of com-

bustion. This exit is followed by body height of concentration of atomic fluo-

rine in the category which reaches the steady-state value, approximately with-

in a minute. It allowed to trace efficiently dynamics of an interference of a 

luminescent emission depending on thickness of a layer of SiO2 which initial 

thickness in this case was 0,72 m (Fig. 3).  The first maximum to which 

there corresponds m = 4 was for this reason sheared off and displaced towards 

larger time of etching. Thickness of oxide corresponding to it was passed dur-

ing the period of formation of the luminescing layer. Therefore for establish-

ment of a time frame Δt between maxima we take the second and third peaks 

to which there correspond values m equal 3 and 2. It is equal to 170 s. On 

the other hand, using a formula (1) and λ = 515 nm, we find a difference of 

thickness of a film of SiO2 (Δd), the corresponding m equal 3 and 2. It appears 

equal 200 m. Using the received values Δt and Δd, we receive time which 

necessary for the complete etching SiO2 with a thickness of 0,72 m, it has to 

take 612 s. This time rather well coincides with experimentally received that 

demonstrates correctness of assessment of the wavelength corresponding to a 

maximum of intensity of a luminescent luminescence of a surface of a layer 

of SiO2. 

It is established that the luminescent emission of SiO2 grows at increase 

in temperature of an exemplar for what it was placed on the warm table. In 

view of the considerable duration of time of etching it was necessary that be-

tween a little table and an exemplar the temperature balance is established. It 

is experimentally established that the thermostimulation of a luminescence 

gives noticeable effect at a warming up of exemplars to 500-600K, but it can 

have an adverse effect on characteristics of the processed structures. 
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Fig. 3 – Dynamics of luminescence 
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        Using SiO2 luminescence phenomenon in the course of RIE it is possible 

to carry out electrooptical checking not only the moment of the end of its 

etching, but also its thickness. It is also possible to carry out monitoring of the 

end of etching of layers of other materials lying on SiO2. 
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Abstract 

There are many new alternatives to conventional bacteria sterilisation techniques 

(heating, filtration, solvents, radiation), such as different plasma sources /1,2/. 

This research focused on non-thermal atmospheric pressure plasma jet (APPJ) 

because it’s cost-effective, easily transportable, simple to use, and has a low 

operating temperature thus enabling treatment of heat sensitive surfaces. The 

experiments were conducted with helium APPJ for four different typical bacteria 

strains with the focus on finding the most efficient discharge parameters. The 

analysis that was used on the jet are optical emission spectroscopy and electrical 

measurements.  

 

1. Introduction 

Improving the decontamination of the bacteria is an ongoing process and of 

great importance in many environments, such as hospitals. As an alternative to 

conventional techniques, plasma decontamination was proposed. Our choice was 

an atmospheric pressure plasma in a form of a single electrode jet (APPJ). 

Atmospheric pressure plasmas have many advantages compared to low-pressure 
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plasmas, mostly the ability to work without the vacuum system thus reducing 

the cost of the process and making it possible to treat heat-sensitive materials 

and hard-to-reach places (e.g. corners, tubes) /3,4/. Because of that we  

constructed the APPJ and tested its most optimal parameters for bacteria 

decontamination on four types of bacteria. After finding out which powers and 

gas flows decontaminated bacteria, the focus shifted onto the diagnostics of the 

plasma source. 

 

2. Experimental setup 

The decontamination effect of the atmospheric pressure plasma jet was 

investigated on four different types of spore-forming bacteria: Bacillus 

stearothermophilus ATCC No. 7953, Bacillus subtilis ATCC No. 6633, 

Staphylococcus aureus ATCC No. 25923, and Escherichia coli ATCC No. 

25922, of which only the E. coli is Gram-negative bacteria. Bacterial cultures 

were grown overnight on Columbia (COS) agar plates (bioMérieux SA, Marcy 

l’Etoile, France) at 55
o
C for Bacillus stearothermophilus and 37

o
C for Bacillus 

subtilis, Staphylococcus aureus and Escherichia coli. Bacteria were picked up 

with a loop and re-suspended in sterile saline to obtain 0.5 McFarland (1-2 x 10
8 

CFU/ml) initial bacterial suspension. 

Small-size APPJ powered by a kHz signal source connected to a low-voltage 

DC source was used for the treatments. Measurements with the needle type 

APPJ were conducted with He as a working gas at a fixed distance between the 

jet and the sample surface (15 mm). Bacteria were treated for different gas flows 

(1 slm and 2 slm) and with several DC power supply voltages applied (3 V, 4.5 

V, 6 V, 9 V and 12 V). Detailed characterisation of the plasma source was 

performed employing optical emission spectroscopy and electrical 

characterization.  

 

3. Results and discussion 

After preparing bacteria suspension, we treated them with Helium APPJ under 

different DC power supply voltages and gas flows. A surface of the suspension 

was fixed 15 mm under the jet nozzle, and it was fixed for all measurements. 

The bacteria suspension was placed in a Petri dish that was grounded. The 

survival curves indicated that He APPJ with higher input power was more 

effective, meaning that the treatment time for decontamination is shorter for the 

higher power. Because of that, we focused on the parameters that showed the 

most optimal sterilization - 2 slm gas flow and 12 V input voltage. 

The plasma source diagnostics was done under the same conditions as the 

bacteria were treated but the Petri dish was filled with the distilled water. The 

dish was grounded and the parameters were 2 slm and 12 V. 
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First, optical emission spectroscopy was done and the full spectrum is presented 

in Fig. 1. It contained all the expected species, such as OH, He, N and O atoms 

and/or molecules. He comes from the plasma itself since it was the working gas 

used in the experiments, and OH, N and O are present because the experiments 

were conducted in ambient air and in contact with distilled water. The additional 

spectrum was obtained for same conditions but with saline instead of distilled 

water, and it showed no new species meaning that APPJ has no sufficient power 

for excitation of Na or Cl. 

 
Fig. 1 – OES of He APPJ (1cm from the surface of the distilled water in Petri 

dish (grounded)) 

 

Another set of diagnostics done on the APPJ were electrical measurements from 

which we obtained average power of the plasma source shown in Fig. 2. These 

results show no difference in power for 1 and 2 slm except for 12 V where in the 

case of 2 slm power source gives much higher power. 

 
Fig. 2 – Average power for gas flows of 1 slm (blue) and 2 slm (red) and all 

used voltages (3, 4.5, 6, 9 and 12 V) 
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4. Conclusions 

The decontamination effects of He APPJ were significant but dependent on the 

type of bacteria, exposure time, and plasma configuration (gas flow and input 

power). The input power at 3 V was not sufficient for bacteria decontamination 

when the gas flow was 1 slm; however, it was enough for decontamination of S. 

aureus and B. subtilis with the gas flow of 2 slm. 

The optical emission spectrum showed that the plasma power was not sufficient 

enough to excite Na and Cl species, but it exhibits the intensive signature of OH, 

O and N species. Additional analysis will be done on specific atomic and 

molecular lines to observe their influence on the bacteria decontamination. 

The electrical characterization did not show much difference between gas flows 

of 1 and 2 slm except for the highest input power at 12 V. It is still unclear why 

is there a difference so additional measuremetns will be conducted. 
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There are three main trends in catalysts preparation using plasmas: 

synthesis of catalytically active nanoparticles, plasma assisted deposition of 

catalytically active materials on the support, and plasma modification of 

catalysts /1,2/. Traditinally, catalysts are   subjected to a heat treatment under 

either inert or reactive atmosphere. Nevertheless, the thermal pyrolysis of 

catalysts’ precursors can lead to an unfavourable morphology of the material.  

This drawback can be overcome by the replacement of the heat-treatment step 

by low temperature plasma treatment of precursors. The plasma prepared 

catalysts or catalysts modified by plasma exhibit a higher activity, enhanced 

selectivity and better stability, compared to the catalysts prepared conventionally 

(by heat-treatment). 

In this paper, we present our results on the preparation of automotive 

exhaust catalysts, electrocatalysts, as well as photocatalysts with plasma-assisted 

methods. 

   In the field of automotive exhaust gas treatment, one of the most 

challenging tasks is the development of advanced lean NOx catalysts, which can 

chemically convert NO  (NO and NO2) gaseous compounds into molecular 

nitrogen under oxygen rich conditions as typically present in e.g. diesel exhaust 

gases /3/. Nanostructured monometallic (Pt, Rh) and bimetallic (PtRh) catalyst 

samples were synthesized via direct deposition of the respective nanoparticles, 

which were generated by laser ablation of Pt, Rh metal and PtRh-alloy targets 

using a pulsed excimer laser ultraviolet light source (Lambda Physik, LPX-100, 

KrF wavelength 248 nm). The experimental setup employed in the work was 

described in detail in /4/. The nanoparticles  were found to exhibit narrow size 

distribution centred around 2.5 nm. (Fig. 1).  The catalytic  activities for 

synthesized  catalyst   were tested  using a test gas mixture representative of 

oxygen rich diesel engine exhaust gas in order to assess their capability of lean 

NOx reduction. The catalytic activity measurements revealed that under cyclic 

lean/rich operating conditions the laser synthesized PtRh–SiO2 catalyst showed 

the highest activity for NOx reduction in the low temperature range 100–300°C, 
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which, at a temperature of 150°C, was found to be a factor of ca. 3 higher than 

the activity of a monometallic Rh containing reference catalyst prepared by wet 

impregnation (ablation, Fig. 2). Furthermore, it was shown that the low 

temperature NOx reduction activity and the selectivity for N2 formation of the 

conventional Rh catalyst can be enhanced by additional laser deposition of PtRh 

nanoparticles (postablation, Fig. 2). 

 
 

 
 

 

Fig. 1 – High-resolution transmission 

electron microscopy (HRTEM) images 

of PtRh nanoparticles generated by laser 

ablation 

 

Fig. 2 – Average NOx conversion  

within 3 cycles of 

rich(2sec)/lean(80sec) excursion 

 

As a part of continuing efforts to develop a method of plasma-enhanced 

preparation of electrocatalysts for oxygen reduction reaction (ORR) we prepared 

a series of porphyrin- and phthalocyanine-based catalysts and treated them with 

radio frequency (RF) and dielectric barrier discharge (DBD) plasmas  under 

different conditions to optimize their catalytic activity /5-9/. The activity 

towards the reduction of H2O2 was investigated because it is of practical 

importance in the field of fuel cell development.  

The performance of RF-plasma treated Fe- porphyrin based catalyst 

(FeTPFPPCl on RF-plasma treated Vulcan)  for the H2O2 reduction in  a fuel cell 

test  is shown in Fig. 4. The performance of reference Pt-based catalyst is also 

shown. The results are plotted in of power. As it can be seen from the Fig. 3, for 

the plasma treated electrocatalyst, the maximum power of the fuel cell was 193 

mW. It  was approximately 1.4 times more than for the fuel cell with  reference 

Pt-based catalyst The experimental details are described in  /5/. 
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Fig. 3 – Performance of a fuel cell   

with plasma treated FeTPFPPCl 

on  plasma treated Vulcan 

(plasmaCat)   and Pt on Vulcan (Ref 

Pt/C) catalysts 

 

Fig. 4 –  Kinetics of the 

degradation of MO under UV-

irradiation with untreated and  plasma 

treated catalysts 

 

Atomic force microscopy  (AFM) was   applied to investigate the 

morphological modifications induced by plasma treatment of catalysts. The 

AFM investigations revealed morphological changes which accompanied the 

transformation of porphyrin precursor into the catalytic material. The 

agglomerations of porphyrin molecules on the support were re-arranged after 

plasma treatment. The height of the agglomeration was reduced. Removed 

material was re-deposited on the surface of catalyst’s support as smaller 

particles 20–30 nm in height. Such re-deposition can improve the catalyst’s 

performance due to the increased dispersion of catalytically active constituents 

/5, 6/. 

RF- and DBD plasmas were applied to enhance the performance of  ZnO-

based photocatalysts   /10-13/. The performance of untreated and plasma-treated 

ZnO photocatalysts was investigated for their application  for photodegradation 

of organic pollutants. The photocatalytic activities of plasma treated and 

untreated ZnO powders were evaluated by measuring the photodegradation of 

methyl orange (MO) in aqueous solution exposed to ultraviolet (UV) light.  

Fig. 4 shows the kinetics of degradation of MO under UV-irradiation with 

untreated (ZnO) and DBD-plasma treated (ZnO-DBD) catalysts. The semi-

logarithmic plots of the concentration data (ln(Cr) vs time) gave a straight lines. 

The correlation constants for the fitted lines were calculated to be  𝑅2 = 0.9836 

and 0.9829 for untreated and plasma treated ZnO, respectively. Therefore, the 

photocatalytic decomposition can be described by the first order kinetic model 

/11/. The Fig. 4 clearly indicates plasma treated ZnO to be a better photocatalyst 
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for MO degradation. The first order rate constants 𝑘 were found to be 6.0 10
-4

 s
-1

 

and 2.7 10
-4

 s
-1

 for plasma treated and untreated ZnO, respectively. The rate of 

degradation was enhanced about 2.2 times with plasma treated ZnO.    

It was found /11/ that different mechanisms might be involved in   the 

decomposition pathway of MO on untreated and plasma treated catalysts.  Room 

temperature photoluminescence (Pl) indicated that plasma treatment resulted in 

an enhancement of the excitonic (UV) emission and an increase in UV/visible Pl 

intensity ratio (not shown). Therefore, increasing photocatalytic activity after 

plasma treatment   can be attributed to the increased optical quality of ZnO. 

The observed changes in the photoluminescence and photoactivity after 

plasma treatment were likely caused by oxygen vacancies and surface defects. 

In conclusion, the results suggest that RF- and  DBD-plasma treatment  is 

very effective way to manipulate catalyst surface properties and to enhance their 

activity. 
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 Applications of cold plasma technologies due to its unique properties (the 
presence of active particles, low intensity of ultraviolet radiation and of 
electromagnetic fields etc.) have expanded into a large number of fields. Plasma 
can exert a stimulating effect on biological objects, acting simultaneously as a 
sterilizing agent that opens new prospects for the development and use of 
plasma technologies in agriculture, ecology, food industry /1/ (Fig. 1). At 
present, the most significant results have been obtained in the field of plasma 
application for pre-sowing seed treatment that plays an important role in 
realizing the genetic potential of the seed. The idea of physical methods 
applying in pre-sowing seed treatment for increasing the productivity of plants is 
based on the use of mechanisms of adaptation of the biological system in 
response to the stressor effect. It is shown that physical stressors (including 
plasma and electromagnetic field treatments) cause changes in the seeds, which 
persist until their germination /2/. It is assumed that plasma treatment of seeds 
increases the ability of plants to further cope with biotic and abiotic stress, such 
as drought and disease /3, 4/. To create a plasma non-toxic gas mixtures are 
used, usually ambient air and inert gases, that causes high efficiency and 
environmental friendly of plasma technologies as an alternative to the traditional 
chemical methods of seed treatment. 

In the vast majority of published works, the effect of physical factors is 
estimated from the analysis of the germination of seeds and the peculiarities of 
seedling development in the juvenile stage. Investigations of the sowing 
characteristics of seeds of agricultural plants are carried out mainly in the 
laboratory conditions that do not allow estimate the effects of plasma treatment 
on the subsequent stages of plant ontogeny. There is very limited data on the 
effect of seed treatment on the crop structure, the phytosanitary state of crops 
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during the growing season, which are necessary to develop technologies for the 
industrial use of plasma methods in agriculture. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 – Areas of plasma application in agriculture, ecology and food industry 
 
Several type of discharges (glow, corona, microwave, RF, dielectric barrier 

discharges etс.) at low and atmospheric pressure are used for seeds modification. 
But despite the fact that plasma sources of atmospheric pressure are more 
technologically (no vacuum is required), the use of low-pressure plasma is more 
preferable for careful non-thermal processing of seeds, ensuring their effective 
disinfection due to direct contact with charged particles /5, 6/. 

In this paper, the prospects of seed treatment with cold plasma and RF 
electromagnetic field for effective cultivation of some agricultural, ornamental, 
medicinal and woody plants are considered both in laboratory and field tests /6–
10/. The effect of treatment on seed germination, plant resistance to common 
diseases and accumulation of secondary metabolites is discussed.  

The treatments with physical stressors were performed in the B.I. Stepanov 
Institute of Physics of the NAS of Belarus. The sowing qualities and 
phytosanitary condition of agricultural seeds were studied in RUE "Plant 
Protection Institute". The sowing characteristics of number of perennial plants 
were tested in vitro in the Kaunas Botanical Garden (Vytautas Magnus 
University, Lithuania). The experimental conditions for seed treatment in RF 
(5.28 MHz) plasma and radio frequency electromagnetic field (EMF) were 
reported in detail in /6, 7/. The level of accumulation of active oxygen species in 
dry seeds was measured by electron paramagnetic resonance (EPR). Some 
results obtained in laboratory and field experiments, are shown in Fig. 2. 
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Plasma and radio-wave treatment stimulated the germination of seeds with 
reduced germination (spring wheat, maize), improved the morphophysiological 
characteristics of seedlings /8/. In the case of perennial crops, the germination of 
plasma-treated seeds can be increased up to 50% in comparison with untreated 
samples /9/. Seed treatments also changed the dynamics of germination and 
drastically shortened the time necessary for germination of 50% of all 
germinated seeds of perennial plants (black mulberry, Smirnov's rhododendron, 
purple Echinacea, Norway spruce, etc. /7, 9/). Longer-term observations (during 
4–17 months from sowing) revealed that perennial woody plants grown from the 
treated seeds of all experimental groups developed better: they exceeded the 
control plants in height, had greater total leaf surface area, the number of leaves, 
the biomass, and the weight of the roots /7, 9, 10/. 

 

 

 

 

 

  

 
 
 
 

 
 
 
 

Fig. 2 – Some outcomes obtained as a result of laboratory and field experiments 
with a number of annual, perennial woody and medicinal plants /6–10/ 
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Pre-sowing seed treatment reduced the development of diseases of 
agricultural crops during the growing season, in particular, the infection of 
narrow-leaved lupine with one of the most dangerous diseases – anthracnose. 
Plasma treatment inhibited the development of anthracnose up to the flowering 
stage. Thus, seeds treatment with physical stressors can contribute to the 
stability of plants to phytopathogens during the growing season, which allow 
optimize the use of chemicals at various stages of plant ontogenesis. From the 
analysis of the effectiveness of various regimes of pre-sowing treatment of 
maize seeds, it was revealed that seeds treatment with electromagnetic field for 
this culture can act as an inducer of increasing the plant resistance ensuring 
preservation of the physiological quality of the seeds during storage and 
maintaining the growth rate of plants or their survival /11/. 

Plasma and radio-wave treatment of seeds promoted the increase of crop 
yield and the improvement of its structure. It was revealed that, due to a decrease 
in the level of seed infection, stimulation of field germination and plant 
resistance to phytopathogens during the vegetative period, the spring wheat 
grain yield increased depending on the treatment regime by 4-6%, maize – by 
1.5 - 2.0%, narrow-leaved lupine – by 20-28% compared with the control plants.  

It has been established, for the first time, that pre-sowing treatment with RF 
plasma and EMF of seeds of perennial and annual medicinal plants causes stable 
changes in metabolic processes at the subsequent stages of development and 
allows increasing the content of medicinal substances in plant. We observed in 
particular a drastic increase in the amount of cichoric acid (relative amount in 
leaf extract increased 2.7-fold, amount per plant – 3.8-fold for treatment by 
EMF 5 min), vitamin C (amount per plant increased up to 1.9-fold for treatment 
by EMF 5 min and EMF 15 min), and radical scavenging activity (up to 2.1-fold 
in case of EMF 5 min) in Echinacea purpurea leaves /10, 12/.  

The treatment of seeds enhanced the content of phenolic compounds 
(including flavonoid and ascorbic acid) in the inflorescences of Calendula 
officialis L. The total amount of ascorbic acid was considerably higher in 
comparison to the control in all treated seed groups. The amount of the main 
secondary metabolite of Calendula officinalis – phenolic compounds was 
increased even more – by 100% after EMF treatment and by 160% as a result of 
plasma treatment during 1 min. It was established that seed treatment with RF 
plasma and EMF induced substantial changes of the amount of izoflavones in 
leaves of Trifolium pretense. 

Seed treatment with physical factors induced significant changes in the 
amount of anthocyanins in maize seedlings that was increased up to 2.1-fold in 
roots, and up to 1.3 fold in leaves in comparison with control. The change in the 
content of anthocyanins in plant cells is one of the strategies of metabolic 
adaptation of biological system to the action of stress factors of different nature, 
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in particular environmental stresses including drought, wounding, pathogen
infection and insect attack.

Thus, it is shown that seeds treatment with physical factors such as non-
thermal plasma and electromagnetic fields induce not only changes in
germination and plant growth but also causes stable changes in metabolic
processes at the subsequent stages of plant development, contributes to the
height and increasing the biomass of seedlings of the second year of cultivation
up to 50%, allows increasing the crop yield, stimulates the accumulation of
some pharmaceutically important secondary metabolites in plants.
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In chemically catalyzed processes, a distinction is made between 

homogeneous and heterogeneous catalysis. Homogeneous catalysis refers to 
catalytic reactions where the catalyst is in the same phase as the reactants. 
Soluble catalysts are used for synthesis in liquids. Heterogeneous catalysis is the 
alternative to homogeneous catalysis, where the catalysis occurs at the interface 
of two phases, typically gas-solid or liquid-solid. 

Homogeneous catalysis is often highly efficient, but separating and 
recovering the catalyst from the product is usually difficult. Heterogeneous 
catalysts, on the other hand, offer the possibility to be recovered and then 
recycled back into the catalytic cycle by standardized efficient separation 
methods, such as e.g. filtration. Application examples for homogeneous 
catalysis are chemical processes, such as hydroformylation, hydrogenation, 
cyclization or photochemical water splitting. Homogeneous catalysts can be 
converted in heterogeneous catalysts by immobilization onto solid substrates as 
SiO2, carbon, Al2O3 or other materials.  

 Plasma surface treatment methods are suitable for catalyst immobilization. 
In our previous work various dye sensitized titania catalysts were used for 
visible light driven photoelectrochemical water splitting experiments. The dyes 
were immobilized onto titania substrates by encapsulation with a plasma 
polymerized allylamine (PPAAm) coating. As dye supports nanopowdered [1, 
2] and magnetron sputter-deposited [3] titania semiconductor materials were 
used. The stability of the Ru dye (N3 ((2,2‘-bipyridine-4,4‘-
dicarboxylate)2Ru(NCS)2)/semiconductor assembly was found to be 
significantly improved by application of a PPAAm nanoconfinement for the 
sensitizer at the titania surface.  

Also PPAAm encapsulation for Ir dye [Ir(pyb)2(dcbpy)][PF6]/titania 
catalyst assemblies has been shown to drastically enhance the photoefficiency 
[4]. The optimum thickness for the polymer layer is found to be between 20 and 
50 nm. At smaller layer thicknesses the stability of the catalyst assembly may be 
compromized whereas at thick layer thicknesses, the mass transport of the 
electrolyte to the catalytic sites is likely to be hindered. The encapsulated Ir dye 
is found to outperform the Ru-based dyes by more than twice of the IPCE 
(Incident Photon to Current Efficiency) value. Ideality factors for the dye/titania 
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assemblies with 50 nm PPAAm encapsulation show that recombination is 
smallest for the Ir dye-sensitized TiO2 layer as compared to the photocatalyst 
assembly sensitized with commercial N3 dye. 

In this study amorphous hydrogenated carbon (a-C:H) thin films were 
employed for the immobilization of phosphorous based catalysts onto SiO2 
support. The SiO2 support was impregnated with phosphonium salt by a wet 
chemical method.  

A critical issue with immobilized catalysts is leaching. Leaching means that 
the catalyst separates from the support and goes into solution. This reduces the 
proportion of catalyst on the support. When reusing the catalyst/support 
assembly its catalytic activity is less than before. The better the adheasion to the 
support, the more often it can be reused. 

For the immobilization of the catalysts on the support materials by 
encapsulation in a-C:H coatings, a PECVD process (Plasma Enhanced Chemical 
Vapor Deposition) was used. The sample was dispersed on a sample holder in a 
vacuum chamber of the plasma deposition device (“Piccolo”, Plasma Electronic 

GmbH, Neuenburg). The PECVD process was carried out at a pressure of 15 Pa 
in a gas atmosphere having the composition Ar:CH4 = 1: 1 and at 600 W RF 
plasma power (13.56 MHz). The deposition time was 25 min. 

The immobilized P-based catalyst was used for ethylene carbonate 
synthesis experiments by the reaction between ethylene oxide and carbon 
dioxide. It could be shown that the immobilized catalyst can be reused three 
times without significant loss of efficiency. Only at the fourth and fifth run, the 
ethylene carbonate yield decreased. 

The phosphor-based catalyst could be successfully immobilized onto SiO2 
support by PECVD process with allyl alcohol as precursor. 

 
Table 1  Recycling experiments with five runs with P-catalyst immoblilized on 
SiO2, catalyst loading 1 mol%, yields were determined by 1H NMR using 
mesitylene as the internal standard. 
 

Entry Yield/ % 
1st run 90 
2nd run 90 
3rd run 89 
4th run 45 
5th run 27 

 
Acknowledgements. We are grateful to the BMBF (FKZ 03XP0060D) for 
funding this work as part of the “Materialien für eine ressourceneffiziente 

Industrie und Gesellschaft – MatRessource” initiative. Further, the authors 

____________________________________________________________________________7. Plasma applications

329



acknowledge financial support from the Phosphor-Campus: Leibniz-
WissenschaftsCampus Phosphorforschung Rostock. 
 
References 

 
1. Kruth A., et al. ChemSusChem 6 (2013) 152-159. 
2. Karnahl M., et al. ChemCatChem 6 (2014) 82-86. 
3. Kruth, A., et al. J. Phys. Chem. C 117 (2013) 3804-3811. 
4. Kruth, A., et al. J. Photochem. Photobiol., A 290, no. 0 (2014): 31-37. 

Plasma Physics and Plasma Technology 9____________________________________________________________________________

330



Study of the influence of the reflex discharge radial electric field on the 

propagation of the plasma flow of substances modeling the components of 

spent nuclear fuel 

 

N. Antonov, G. Liziakin, R. Usmanov, Ya. Murzaev, A. Gavrikov, V. Smirnov 

 
Institute for High Temperatures of the Russian Academy of Sciences, Izhorskaya st. 13 Bd.2, 

Moscow, Russia 125412, antonovnickola@gmail.com 

 

Introduction 

The development of nuclear power industry requires updating technologies 

related to the processing, transportation and storage of spent nuclear fuel (SNF) 

and radioactive waste. To date, among the processing methods under 

development it is possible to highlight gas-fluoride, pyroprocessing and plasma 

separation approaches. The plasma separation concept /1-6/ can be divided into 

3 main stages: a transformation of solid substance into a low-temperature 

plasma flow, a separation of chemical elements by groups of masses in a special 

configuration of the electric and magnetic fields in a buffer plasma (buffer 

plasma is required to compensate the space charge), a deposition of separated 

substances into collectors.  The study of the plasma stream motion 

characteristics in the crossed electric and magnetic fields in a buffer plasma is an 

urgent task for the developed nowadays method of SNF plasma processing /1-6/. 

When the experimental units of a laboratory setup (plasma source and 

buffer discharge) are combined, the question of their mutual influence on the 

distribution of the electrostatic potential and on the trajectory of the ions inside 

the separation chamber arises. It is necessary to provide a sufficient electric field 

intensity and to form a certain electrostatic potential profile in the buffer plasma 

for the effective separation /4/. The results of the experimental study of the 

reflex discharge and the lead plasma flow (injected along the magnetic field 

lines and simulating the "heavy" SNF component) mutual influence are 

presented in this paper. 

Experimental setup and results 
An experimental setup plasma separation of substances includes the 

following main units (Fig. 1): a vacuum chamber (it is a cylinder with a 

diameter of 0.8 m and length of 2 m), magnetic coils (magnetic field intensity is 

up to 2 kG), a system of an electrostatic radial potential distribution formation 

(reflex discharge and end electrodes) /7,8/, venting and a pressure control 

systems (buffer gas is argon), a model substance evaporation and ionization unit 

(it is a plasma source based on the non-sustained arc discharge with an 

incandescent cathode /9/). In the experiments described in this paper, no buffer 

RF plasma generation system was used. 
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Fig. 1 – A scheme of the experimental setup 

 

The experiment was carried out as follows. Initially, a reflex discharge 

between a system of the electrodes in the form of truncated cones and a 

grounded shell of the vacuum chamber was initiated. Argon gas pressure was 

0.4 mTorr. The characteristic value of the magnetic field intensity was 1.3 kG, 

and potential of the end electrodes was about -1200 V (discharge current was 

about 200-450 mA). The plasma density on the reflex discharge axis was at a 

level of 10
10

 cm
-3

. Potential measurements were performed using the floating 

probe method. The potential difference between the cathode and the anode of 

the plasma source was maintained at 18 V level (discharge current was about 

14 A) /9/. The cathode was grounded. It should be noted that a dielectric 

material was placed on the outer surface of the hollow anode. In the absence of a 

dielectric element the anode potential is reproduced along the magnetic field 

lines. This potential shields the radial electric field of the reflex discharge. 

Further, in a stationary operation mode of the plasma source, the current of ions 

coming to the collector was measured in the presence of the reflex discharge and 

without it. The axis of the plasma source was located at a distance of about 

17 cm from the axis of the reflex discharge. The diagnostic collector, which 

potential was about -50 V, was located at a distance of 540 mm from the hollow 

anode. The results of the measurement of the plasma source and the reflex 

discharge mutual influence on the potential radial distribution inside the 
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separation chamber are shown in figure 2. Measurements were carried out at a 

distance of about 340 mm from the anode. It can be seen from the figure 2 that 

the plasma flow has a significant influence on the radial potential distribution. 

This is due to a significant difference between the reflex discharge plasma 

density (~ 10
10

 cm
-3

) and the plasma  density of ionized matter stream 

(~ 10
12

 cm
-3

). It can be seen from Fig. 2, that the cathode potential is efficiently 

reproduced on the plasma source axis. This leads to the formation of a potential 

well for the ions of a model substances. It is also worth noting that the radial 

electric field near the plasma source reached a value of about 10 V/cm. 

  
Fig. 2 – The radial distribution of electrostatic potential in the joint 

operation of the reflex discharge and the plasma source 

 

The ion current in the absence of a reflex discharge was close to 60 mA, 

and at the discharge initiation the detected current decreased to 8 mA (reflex 

discharge current was 250 mA). It was concluded from a ratio of the two current 

values that the efficiency of deflection due to the influence of the electric field 

formed by the end electrodes of the reflex discharge in the buffer plasma was 

near 87%. It must be emphasized that the ions current value coming from the 

reflex discharge buffer plasma in the absence of the lead plasma stream was less 

than 1 mA. So we have neglected the influence of this factor. An increase of the  

reflex discharge current (increase of the plasma density) leads to an increase of 

the deflection efficiency. So at the reflex discharge current of about 450 mA, the 

____________________________________________________________________________7. Plasma applications

333



deflection efficiency reaches 95% (the total ion current in the absence of a reflex 

discharge was 63 mA, and with a reflex discharge was 3.3 mA). 

Conclusion 

The influence of the radial electric field formed in the reflex discharge 

argon plasma on the lead plasma stream was studied. The possibility of the 

plasma stream injected along the magnetic field lines deflection was 

demonstrated. As part of the research, it was shown, that along the magnetic 

field lines, based on the thermionic cathode, its electrical potential was 

reproduced. This underlines the importance of the geometric parameter ratio in 

the combination stage of the experimental setup units. It should be noted, that 

the buffer plasma density is an equally important parameter that affects the 

deflection efficiency. 
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Plasma treatment is one of the most effective and powerful tool to control 
surface properties of materials, especially ones tailored for biomedical 
applications. A possibility of varying plasma treatment conditions allows to 
control surface chemistry, morphology and properties in a wide range. 
Polylactide-based materials are widely used for tissue engineering due to their 
biocompatibility, biodegradability and high mechanical properties. However, the 
surface of such materials suffers of hydrophobicity and a lack of specific 
functional groups to support cell adhesion and growth. 

This research was aimed to investigate an effectiveness of DC discharge 
treatment of various polylactide-based materials as a direct approach to modify 
its surface properties or as a tool to preliminary activate it for further 
immobilization of different bioactive components. Film samples and non-woven 
mats made of poly(L,L-lactide) or its graft-copolymer with chitosan and gelatin 
were treated at an air pressure of 10-20 Pa and a discharge current of 50 mA for 
60 s. Chemical structure, morphology and wettability of surface layer of native 
samples and treated by DC discharge at the cathode and anode were evaluated 
using X-ray photoelectron spectroscopy, scanning electron microscopy and 
contact angle measurements. Effect of plasma treatment on further 
immobilization of hyaluronic acid and collagen onto the samples were 
investigated as well. 
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Abstract. In situ direct synthesis of free-standing nitrogen-doped graphene structures was 
achieved in a single step method by employing microwave plasma at atmospheric pressure 
conditions. The technique is based on injection of nitrogen-containing precursor together with 
hydrocarbon in the reactive plasma environment. Nitrogen gas and ethanol were used as 
source of both nitrogen and carbon. 
Introduction. Nitrogen doping proved to be an effective way of tailoring the 
properties of graphene, which in turn widen its practical application /1/. The 
addition of nitrogen atom impurities into pristine graphene increases the 
electrochemical activity of N-doped graphene (NDG) due to creation of "active 
sites". NDG can be used directly as a catalyst in oxygen reduction reaction or as 
a support for the metal catalyst; it is also of great interest for fuel cells, lithium 
ion batteries, solar cells and sensors /2/. 

There are numerous synthesis methods for graphene and NDG, as chemical 
vapor deposition (CVD), bottom-up syntheses, wet chemical methods, plasma 
methods etc. To this end, plasma techniques are applied for both the initial 
synthesis of graphene and for its post processing /1, 3/. The reactive plasma 
medium can provide fixation of different chemical species to the graphene 
structure, thus making the plasma an effective doping tool. 

In this study, a surface-wave driven microwave type plasma working at 
atmospheric pressure has been used for direct selective synthesis of NDG 
structures. Ar was used as a background gas, while ethanol and N2 gas were 
used as carbon and nitrogen precursors, respectively. Optical emission 
spectroscopy (OES) was applied to detect the emission from the plasma and to 
estimate the gas temperature. The synthesized material was analysed by SEM 
and XPS. A chemical kinetic model describing the ethanol decomposition in the 
argon plasma environment previously developed was further updated for 
ethanol-nitrogen mixture. The resulting distributions of the produced species 
along the discharge give insight into the main mechanisms of solid carbon 
formation. 
Experimental setup. A surfatron-based setup was used to create a surface wave 
induced microwave plasma at atmospheric pressure conditions (Fig. 1) /4/. A 
2.45 GHz generator, whose output power was fixed to 2 kW, provides the 
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microwave power. The discharge takes place inside a quartz tube reactor, which 
is inserted downstream vertically and perpendicularly to the waveguide wider 
wall. The quartz reactor comprises two sections; a small one with internal and 
external radii of 0.75 cm and 0.9 cm, respectively, connected via conical section 
to the large tube with internal and external radii of 2.15 cm and 2.3 cm. The 
vaporized precursor, i.e., ethanol molecules is injected in the plasma together 
with N2. The background argon flow is kept constant at 1200 sccm; the ethanol 
partial fluxes were varied in the range 30-35 sccm. To test the direct NDG 
synthesis in the plasma, nitrogen gas flow was injected to the reactor at QN2=10, 
30, 50. The synthesized nanostructures were captured by a Hurricane Cyclone 
system followed by a methanol trap. 

 
Fig. 1 –  Scheme of experimental setup. 

 
The plasma emission spectra in the visible range (230-750 nm) was 

detected. The emission spectrum of argon/ethanol/nitrogen plasma reveals the 
presence of new molecular and atomic species such as CN (violet system, 
B2Σ→X2Σ), C2 (Swan system, between 450–570 nm, A3Πg→X´3Πu), C atoms 
(247.9 nm), the hydrogen Balmer-alpha line Hα (6563 Å) and several Ar lines. 
These species are formed because of ethanol and N2 dissociation.  

SEM images of NDG samples synthesized at 2 different conditions are 
shown in Fig. 2. The samples contain only graphene-like sheets and indicate a 
more compact structure than the one of pure graphene sheets. 

 

a b  
Fig. 2 – SEM images of NDG samples at  

a) QEt = 30 sccm, QN2 = 30 sccm; b) QEt = 30 sccm, QN2 = 50 sccm. 
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Relatively small amount of nitrogen was detected with XPS. The N 1s 
region was fitted with one peak, in the center at a binding energy 401.2±0.2 eV, 
corresponding to graphitic nitrogen. The quantitative analysis shows that the 
relative atomic concentration of nitrogen incorporated in the graphene scaffold 
is 0.23% for the conditions QEt=30 sccm, QN2=30 sccm. The relative atomic 
concentration of incorporated oxygen is 2.8%. 
Theoretical model. The model is based on a set of non-linear differential 
equations describing plasma thermodynamics and chemical kinetics. The model 
predictions were validated by experimental results. In order to account 
formation of nitrogen-carbon spaces in the outlet gas stream, 200 additional 
reactions and 10 new spaces were included /5/. The wall temperature axial 
profile was experimentally determined and fitted by an analytical expression. 
Results and discussion. Hydrocarbon-like CxHyOz and nitrogen molecules 
dissociate in the plasma environment via a series of dehydrogenation reactions 
giving rise to various species such as CxHy, NxHy, CN, HCN, N, H (Fig. 3). 

 
Fig.3 – (a) Scheme of the main processes in "hot" plasma zones, (b) typical processes that 

occur from the formation of the nuclei (the pre-monomer of graphene-likes forms (GLF)) to 
graphene (G) and NDG, (c) Simplified equilibrium diagram for main ethanol decomposition 
products and (d) Evolution of the species concentrations in the discharge and the afterglow 
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The initiation of the nucleation process is complicated and challenging to 
understand and describe. The formation of the nuclei - "the birth" - as the first 
and the most important step in the growth of graphene and NDG structures was 
never available for observation, and this initial stage of growth was completely 
devolved to theoretical modelling. 

Smaller carbon species (C, C2, C2H, CH) form monomers, which further 
grow into GLF structures. The available H atoms migrate between islands of 
graphene, and form H2 molecules, which simply evaporate. Some of the new-
formed in the plasma species such as N, NH2, NH3, CN, HCN, as well as bigger 
clusters of graphene-like structures, attach to the island clusters at its edge and 
create NDG sheets. This hypothesis is not in contradiction with the experimental 
and theoretical results. 
Conclusions. A successful direct synthesis of NDG structures applying 
microwave-driven plasma reactor at atmospheric pressure was achieved. The 
method is a simple, rapid, environmentally friendly single-step technique for 
selective synthesis of graphene / NDG nanostructures. It is also non-disruptive 
and does not employ harsh chemicals, metal catalysts or substrates. The 
developed chemical kinetic model provides insight into the processes of 
precursor’s decomposition and formation of the main output products. 
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              1. Introduction 

 
          A special place among the promising sources for biomedical applications 

          of the atmospheric pressure nonequilibrium plasma is occupied by plasma jets 
       that allow objects processing of various shapes and sizes outside a closed
          discharge volume /1/. Plasma jets sources are distinguished by the type of gas
      discharge, the configuration of the electrodes, and the composition of the 
          working gas. Examples of such sources are generators of plasma jets based on 
          high frequency and microwave discharge, barrier discharge, arc discharge and 
          other types of discharges /2, 3/.  

              The working gas of plasma jets supported by alternating or pulsed-periodic 
            voltages with frequencies from kilohertz to gigahertz is usually an inert gas or 
          an inert gas with small additions of molecular gases, which is associated with 
          the difficulty of generating a discharge in a molecular gas. They require high-
          voltage power sources, which imposes certain requirements for their safe 
      operation. The low-temperature plasma jets of molecular gases based on a self-
           pulsating spark discharge or on a microdischarge with a hollow cathode have a 
           significant drawback in the large content of electrodes in the plasma jet, which 
           limits their use in medicine. 

               "Cold" plasma jets based on a direct current atmospheric pressure glow 
        discharge (APGD) have a number of advantages: the possibility of using both 
         inert and molecular working gases; simplicity of the device; small erosion of 
         electrodes /4, 5/. The paper studies the production mechanisms of the main 
        bactericidal components of “cold” air plasma jets generated by the APGD. 
 
              2. Experimental setup  

 
               Plasma jets based on the APGD are generated in a two-electrode gas-

       discharge chamber with an internal diameter of 8 mm and an interelectrode gap 
           of about 1 mm at an air flow rate of 5 l / min from a 30 mA DC source (Fig. 1). 
            The plasma-forming gas flows through specially constructed channels in the 
        cathode to the gas-discharge cell, passes through the discharge region and forms 
             a plasma jet through the central hole of 1.5 mm at the exit from the anode. As a 
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result, a glow of plasma jet of 2-3 mm in 
diameter and several centimeters in length is 
observed. 

Emission spectra of the jets were 
recorded using a diffraction monochromator 
MDD 500x2 in two directions: first, in the 
direction of the plasma jet-chamber along the 
observation line passing through the hole in 
the anode and coinciding with the axis of the 
jet, secondly, along the line of sight 
orthogonal to the axis of the jet with the 
recording of the spectrum of the jet part 
located 1 cm below the edge of the anode. 

In Fig. 2 spectra are presented with the same intensity unit. It is easy to see 
that in the case of axial observation (Fig. 2a), the spectrum corresponds to the 
APGD emission endowing the decisive contribution to the detected radiation of 
the jet.  

Fig. 2. The emission spectra observed along (a) and transverse (b) axis 

The gas and vibrational temperatures of the APGD were determined using 
the vibrational-rotational bands of the second positive nitrogen system 

3 3
2 u g  N  (C B )Π − Π  and reached 1600 K and 2850 K respectively. The temperature 

in the plasma jet was measured using an isolated chromel-alumel thermocouple 
K-type with a wire diameter of 0.3 mm. When removed from the anode, the gas 
temperature decreases from 520 K to 318 K (45 C) at a distance of 4 cm due to 
mixing with the ambient air in turbulent mode with the number Re = 3000. 

The emission spectrum of the jet contains bands of electron-vibrational 
transitions of nitrogen molecules, hydroxyl OH, oxide and nitrogen dioxide 
(Fig. 2b). It was shown in /4/ that the main bactericidal components of air 
plasma jets generated by the APGD are oxygen and nitrogen containing 
components:  NO, NO2 and HNO2. 

 
Fig.1. Photo air plasma jet and 

scheme of discharge device 
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  The concentrations of bactericidal components were determined by the 
methods of absorption IR spectroscopy. Absorption spectra were recorded in the 
spectral range 600-4000 cm-1 using the infrared Fourier spectrometer Nexus 
(Thermo-Nicolet) with the gas cuvette 186-0305 (Perkin-Elmer).The optical 
path of the gas cuvette was 135 cm. The gas was taken to the cuvette using a 

3.5 mm diameter tube that was placed on the axis of the jet parallel to the gas 
flow. Concentrations of the bactericidal components of the jets were determined 
by comparing the experimental and calculated absorption spectra calculated 
using the HITRAN spectral data base. 

 
3. Results and discussion 

 
The main nitrogen monoxide production takes place in the nonequilibrium 

plasma of the APGD, where N, O, and OH are produced in plasma-chemical 
reactions involving electrons. Taking into account the measured gas temperature 
of 1600 K and the typical density of ~ 1012–1013 cm-3 and average electron 
energy of 1 eV for discharge in molecular gases at a current of 30 mA /6/, 
analysis shows that these processes are more effective than thermal dissociation 
of nitrogen, oxygen and water molecules. In addition, an insufficiently high 
temperature in the discharge leads to a very low reaction rate of oxygen atoms 
with nitrogen molecules. Therefore, the NO production can not be correctly 
described within the framework of the Zeldovich thermal mechanism and 
requires kinetic analysis taking into account plasma-chemical reactions. 
 The equilibrium constant for the reaction of oxidation of nitric oxide to 
nitrogen dioxide 2 2

1NO+ O NO
2

 is 0.0085 at the temperature of 1600 K and 

exceeds 1 at the temperature below 800 K. Therefore, conditions for thermal 

 
 

 

Fig. 3.  The absorption spectrum at a distance of 1 cm from the anode (a) and the 
bactericidal components concentrations dependence on the distance from the anode (b) 
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dissociation of nitrogen dioxide molecules are provided in the active zone of the 
discharge. The increase in NO2 concentration begins with a decrease in 
temperature downstream in the discharge chamber and continues in the jet. 

The NO2 production in the three body chemiluminescence reaction 
NO+O+M→NO2+M+hυ with the participation of NO and O is accompanied by 
intense emission of the jet in the spectral range of 400-800 nm (Fig. 2a). Nitrous 
acid molecules, decaying in the reaction HNO2 + M → OH + NO + M, are less 
thermally stable than nitrogen dioxide molecules. Therefore, the formation of 
nitrous acid occurs at low temperatures outside the APGD zone. 

Due to the high rate constants of hydroxyl OH reactions with the products 
of plasma-chemical reactions, the concentration of OH decreases sharply when 
its formation ceases. Therefore, at a distance of 4 cm from the hole, OH is 
practically absent. For the same reason, hydroxyl OH could not be detected with 
the help of the absorption spectroscopy technique we used, since the absorption 
spectrum was recorded after the gas was taken into the cuvette and placed in a 
Fourier spectrometer. 

The absence of a noticeable concentration of ozone in the jet is apparently 
caused by the following reasons. Due to the low bond breaking energy, O3 
begins to be produced in the stream at a low temperature, i.e. after NO and NO2. 
The fast three body reaction of NO2 formation "takes away" the oxygen atoms 
necessary to produce O3. The nascent ozone molecules die in collisions with 
molecules of nitrogen monoxide and nitrogen dioxide, already having a 
significant concentration. 
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The present paper describes the possibility of double-layer 

superhydrophobic coating formation on a porous substrate by the electron-beam 
sputter deposition of the polymers. As a porous substrate a poly(ethylene 
terephthalate) track-etched membrane (PET TM) with a thickness of 9.5 μm and 
pore diameter of 250 nm (pore density of 2×108 cm–2) was used. Ultra-high 
molecular weight polyethylene (UHMW-PE) was used for sputtering to form the 
first hydrophobic layer on the membrane surface and polytetrafluoroethylene 
(PTFE) was used for sputtering to form the second superhydrophobic layer. 

The electron-beam generator with filamentary cathode which allows to 
form beams with current density of 0.01-0.03 A/cm2, energy E = 0.8-1.6 keV is 
used as the electron source. The deposition process of coatings was produced at 
initial pressure of residual gas in the vacuum chamber ≈ 4×10–3 Pa. The growth 
rate in the deposition process was monitored by quartz crystal microbalance. 
Powders from UHMW-PE (Mw = 5×106; density = 0.93 g/cm3, Foresight Global 
FZE) and PTFE (density = 2.15 g/cm3, Aldrich) were used as target materials 
without additional drying before application. 

The characteristics of the original membrane and membranes with the 
deposited polymer coatings were determined by different procedures. The 
amount of the deposited polymer on the membrane surface was defined by the 
gravimetric method. The gas flow rate through the membranes was determined 
at an adjusted pressure drop by a float-type flow meter. From the obtained data, 
the effective pore diameter was calculated using the Hagen-Poiseuille equation. 
The microstructure of membrane samples was studied by a scanning electron 
microscope Hitachi SU-8020 (Japan). Morphology of the membrane surface was 
studied by an atomic force microscope NTEGRA Prima (NT-MDT, Russia). 
The surface properties were characterized by values of the contact angle 
measured with an Easy Drop DSA100 instrument (KRUSS, Germany) and the 
software Drop Shape Analysis V.1.90.0.14 using deionized water as a test 
liquid. 
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(a) (b) (c) (d) 

(e) (f) (g) (h) 

Fig. 1 –  SEM images of the (a) original PET TM and membranes with applied coating  
of UHMW-PE with a thickness of (b) 100, (c) 200, (d) 300, (e) 500, (f) 700,  

(g) 900 and (h) 1200 nm  
 
The investigation of the deposition process of UHMW-PE coating on the 

PET TM surface shows that, as the thickness of the deposited polymer coating 
increases, the effective pore diameter decreases. Reduction of the effective pore 
diameter of composite membranes (CMs) means that the pore diameter in the 
deposited polymer is less than the pore diameter of the original PET TM. 
Electron microscopic examination of the CMs surface (Fig. 1) has shown that 
for the membrane with the UHMW-PE coating of 100 nm (Fig. 1b) there is a 
slight decrease in the pore diameter on the surface. The surface of the deposited 
polymer coating has a slightly pronounced roughness. As the thickness of the 
deposited UHMW-PE coating increases, the pore diameter on the membrane 
surface decreases. So, the decrease in the pore diameter for the membrane with a 
coating thickness of 200 nm (Fig. 1c) is more significant. The deposited coating 
of the polymer thus acquires a mesh shape and becomes more roughness. 
Further increase in the thickness of the applied UHMW-PE coating leads to the 
formation of an ordered rough morphological structure on the membrane surface 
(Figs. 1d-1h). The effective pore diameter of the CMs is significantly reduced in 
these cases. From the electron microscopic data, it also follows that the pore 
diameter on the backside of the composite membranes remained unchanged, 
thereby implying that the polymer is not deposited in part of the pore channels. 
The electron-beam sputter deposition of a UHMW-PE coating on the PET TM 
surface thus leads to the formation of CMs having an asymmetric (tapered) 
shape of pores; the pore diameter remains unchanged on the untreated side of 
the membrane and significantly decreases on the modified side. This result 
correlates with the data obtained in our study of the modification of track-etched 
membranes by plasma polymerization /1, 2/. 

Study of the morphology of CMs surface using AFM confirms the 
conclusion that during the UHMW-PE coating deposition on the PET TM 
surface there is a development of its roughness. Thus, for the original 
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membrane, the mean square deviation (Rms) surface profile calculated for all 
scan points with an area of 5×5 µm2 equal to 58.9 nm. The relatively high value 
of roughness is due to the presence of pores on the membrane surface, and the 
method of manufacturing the track-etched membranes, including chemical 
etching. The presence of pores has a more noticeable effect on the value of 
roughness. This is indicated by the determination of such parameters as the 
average height of the peak of the roughness (Rpm) and the average depth of the 
cavity of the roughness (Rvm) of the middle line of the surface profile. Evaluation 
of these parameters for the original membrane leads to the following results. The 
Rvm value is 52.1 nm, while the Rpm value is 30.8 nm, which is much lower.  
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 Fig. 2 – Plot of surface roughness of 
deposited UHMW-PE coating as a function 

of its thickness 

Fig. 3 –  Plot of contact angle values of the 
CMs surface as a function of coatings 

roughness 
 
Deposition of UHMW-PE coating on the surface of PET TM leads to a 

change in its surface roughness. The studies show that at the coating thickness of 
100 nm surface smoothing is observed. The Rms values decreases for this CM. 
This result is explained by the formation of a polymer in the pore channels at a 
certain depth from the entrance and the overlapping of pores on the membrane 
surface. However, the increase in coating thickness leads to increased surface 
roughness (Fig. 2). The Rms values for the CMs markedly grow. The increase of 
Rms value of the membrane surface during deposition indicates that the UHMW-
PE coating has a more developed surface compared to the surface of the original 
track-etched membrane and the value of the surface roughness depends 
significantly on the duration of the deposition process. 

The study of the surface properties of composite membranes shows that the 
deposition of UHMW-PE coating on the PET TM surface leads to substantial 
hydrophobization. If the original PET TM has the water contact angle (CA) of 
65°, whereas the membranes with UHMW-PE coating have the CA from 92° to 
125°, depending on its thickness as well as on the surface roughness (Fig. 3). 
This change is due to the development of roughness of the deposited coating 
having hydrophobic properties with an increase in its thickness. Therefore, the 
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application of the UHMW-PE coating on the surface of the PET TM thus leads 
to the formation of CMs consisting of two layers, one of which is the original 
PET matrix characterized by a medium level of hydrophilicity. The second layer 
deposited by means of UHMW-PE electron-beam sputtering in vacuum is 
hydrophobic in nature.  
 

 
 

(a) (b) (c)

(e) (f)(d) 

 

 
 

Fig. 4 – AFM scan images (2×2 μm2 area) of applied on the PET TM surface UHMW-PE 
coating with a thickness of (a) 700, (b) 900 and (c) 1200 nm; (d-f) the same CMs with 

additionally applied second PTFE coating with a thickness of 100 nm 
 

Formation on the CMs surface the second layer with a thickness of 100 nm 
obtained by electron-beam sputter deposition of the PTFE results in formation of 
superhydrophobic coatings. The values of water contact angle for this type CMs 
are 145°–155° (Fig. 3). It can be explained by the lower surface energy of the 
fluoropolymer and also by more significant development of the roughness of 
PTFE coating (Figs. 4d-4f) compared to the UHMW-PE coating (Figs. 4a-4c). 
In addition, in this case we observe formation of polymer particles with 
hierarchical structure (Fig. 4f). 
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Introduction During human life a significant and constantly growing 
waste stream with a predominant organic part appears. Problem of 
environmentally friendly and economic method of the waste recycling is still not 
solved. One of such methods is waste processing with thermal plasma /1-4/, 
which means complicated organic substances decomposition up to two and three 
atomic gases forming in conditions of partial oxidizing and further its utilization. 
Non-organic part of the wastes can be melted into homogeneous slag. The other 
proposed way is combined thermolysis-plasma technology, which greatly 
simplifies the process control, gives an opportunity to work with materials of 
different fractions and to obtain useful co-products with little change in the 
technology.  

Experimental Experimental facility for direct plasma processing is 
described in details in /5/. For the combined process reactor STR-10 /6/ was 
connected to the plasma reactor, which was described in /7/. Firstly, material 
enters the pyrolysis reactor, where it is divided into a gas mixture and a carbon 
residue, which can be processed separately. Wood saw and tire scrap were 
selected as model materials. 

Results and discussion According to results of thermodynamic calculation 
for wood and tire scrap and data in the literature /2, 4/ composition of obtained 
gas varies slightly in temperature range of 1200-2000K. Reaction speed grows 
with the temperature increase. Data from /4/ was used to estimate maximum size 
of the particle that can be treated in the reactor. It was found out, that the size of 
wood particle should not exceed 4 mm. It was proved in the experiments too. 
Estimated energy costs for conversion of wood and tire scrap and its evaporated 
fractions in different media are presented in Fig. 1. 

Thermodynamic calculations performed for air-steam gasification of wood 
showed that if the oxidizer is in exceed, there is a maximum of hydrogen 
concentration and a minimum of water concentration at temperature of 1000K. 
For practical use mass fraction of the material should be not less than 0,5, mass 
fraction of steam – not more than 0,25. 

Experimental studies of direct gasification of tire scrap showed that size of 
a particle should be much less than for wood due to the absence of oxygen in the 
material. It takes more time to complete all the process of the conversion. Our 
estimations showed that the size should be not more than 0,7 mm and 
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experiments proved that 1 mm size is too big to be treated in the reactor. 
 

 
Fig. 1 – Estimated energy costs for wood (a) and rubber (b) conversion and 

its vapourized fractions (c, d) in different media 
 

Experimental research of direct gasification with addition of water steam 
into the reactor showed, that the construction should be significantly changed to 
avoid condensation on the cover of the reactor. 

The second stage of the research was study of combined process. Only 
evaporated fraction was subjected to the high temperature processing.  

Results of wood saw pyrolysis in STR-10 are described in /7/. Approximate 
elemental ratio for the evaporated fraction was determined as C:H:O=21:56:12. 
Material size was 5 mm. Material and the plasma gas flow rate was selected to 
get the excess of oxygen of 1-1,05. The air flow through the plasma torch was 
2,88 kg/h, flow rate of nitrogen in the screw reactor 0,61 kg/h, material feed rate 
3,2 kg/h, the residence time of the material in screw reactor - 15 minutes, the 
reactor temperature 500°C. 

Experiment results of wood processing correlate with the calculation. It 
should be noted that a small amount of soot is formed. Apparently, it is the 
carbon dust carried from the screw reactor and carbon produced in the plasma 
unit. The results of thermodynamic calculations and experiments for wood 
gasification in air are shown in Table 1 and for tire scrap in different media – in 
Table 2. Lower heating value (LHV) of gas is estimated on the basis of 
concentrations of combustible gases. 

Experiments with rubber chips of 5 mm size were carried out. On the basis 
of results published in /6/ approximate elemental ratio for evaporated fraction 
was determined as C:H=4:5. Sulphur was not taken into account. It was 
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proposed to supply water or CO2 in the screw reactor to improve mixing of the 
material and oxidizer. Water feed rate was chosen from 0 to 2,5 kg per 1 kg of 
vaporized fraction of material. During the experiments material feed rate was 
1,5 – 2,6 kg/h, average mass fraction of vaporized was 62%.  

Table 1 - Results of calculations and experiments for wood gasification in air 
Direct gasification Combined gasification 

 
Calc., % vol. Exp., % vol Calc., % vol. Exp., % vol 

H2 31 28 36,5 29,8 
CH4 1 1 0 0 
CO2 6 4 3,7 5,8 
CO 32 33 36 34,2 
N2 30 32 23,8 30 

Others 0 2 0 0,2 
Total 100 100 100 100 

LHV, MJ/m3 7,7 7,5 8,5 7,5 
 
Table 2 - Results of calculations and experiments for tire scrap gasification 

Direct 
gasification Combined gasification 

Air Air Air+H2O Air+CO2+H2O 
(in excess) 

Air+CO2(in 
excess) Gas 

Calc., 
% vol.

Exp., % 
vol 

Calc., 
% vol.

Exp., % 
vol 

Calc., 
% vol.

Exp., % 
vol 

Calc., % 
vol. 

Exp., 
% vol 

Calc., 
% vol.

Exp., % 
vol 

H2 13,0 10,5 17,4 17,2 46,4 37,9 22,1 24,5 5,3 4,9 
CH4 0,0 1,2 0,0 0,2 0,0 0,5 - 0,1 - 0,1 
CO2 1,0 5,1 0,6 5,0 3,0 4,1 13,5 13,2 35,7 31,6 
CO 26,4 16,1 23,5 16,4 21,4 21,3 31,1 28,9 23,1 29,6 
N2 59,6 65,3 56,4 59,1 29,1 34,5 33,3 30,8 35,9 28,5 

Other 0,0 1,8 2,1 2,1 0,1 1,7 - 2,5 - 5,3 
Total 100,0 100,0 100,0 100,0 100,0 100,0 100,0 100,0 100,0 100,0 

LHV, MJ/m3 4,7 3,6 4,8 4,0 7,7 7,0 14,3 13,7 13,4 10,8 
 
Comparison of the results of calculations with experimental data showed 

good agreement for the wood and greater divergence for rubber. It should be 
noted that in the case of rubber the problem of mixing the material and oxidizing 
agent was not fully solved. For air-water gasification optimum parameters were 
found out: 0,63of water per 1 kg of gas mixture, energy consumption: 1,4-
1,5 kW·h/kg of total gas mass in the reactor, air feed rate: 1,25 kg per 1 kg of 
gas mixture. For mixed media CO2 should be preferably supplied in excess. 
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Conclusions Comparison of wood conversion with two methods showed, 
that for dispersive (not more than 4 mm) material the results are very similar, 
but combined technology provides possibility to work with the material of 
bigger fraction size. For rubber (tire scrap) this point is of great importance. 

For rubber combined process is more preferable as the material does not 
contain oxygen. Furthermore, it is much easier to add different oxidizing agents 
(water, CO2) in combined process and thus provide mixing of the material and 
oxidizer and preforming the conversion process in desirable gas medium.  

Optimal parameters of air-water combined gasification of tire scrap were 
found out. 

Experimental studies of gasification of organic materials have shown that 
combined process can be used for the material of larger size than direct plasma 
gasification. Combined technology allows addition of different agents to the 
conversion providing to choose the necessary composition of syn-gas. It also 
showed better results for conversion the materials without oxygen. Addition of 
CO2 significantly increases the LHV of the syn-gas. 
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Abstract 
 

The paper presents a device for ozonizing water based on a plasma reactor using dielectric 
barrier discharge (DBD). The design feature of this device is to obtain high ozone 
concentration with low air flow rate (0.2-0.3 l/min) at atmospheric pressure. The 
concentration of ozone comprised 28-35 mg/l. When oxygen was supplied at purity 90-92%, 
the ozone concentration reached 100-120 mg/l. Stabilization of the obtained parameters is 
achieved by cooling the ozone reactor with a thermoelectric module based on the Peltier 
element. 

Keywords- ozone, dielectric barrier discharge; water treatment, microorganisms 
Staphylococcus aureus, E. coli. 
 

1. Introduction 
 

Nowadays, various plasma technologies are widely applied in medicine due 
to their ecological compatibility, relatively low energy consumption, etc. Ozone 
technologies based on barrier discharges at atmospheric pressure are used for 
sterilization and disinfection purposes. But there is a lack of portable compact 
devices for domestic needs capable of quickly saturating water with ozone to a 
concentration necessary for its disinfection and further use. The dose of ozone 
necessary for disinfection of water is 0.5-5 mg/dm3, depending on the content of 
organic substances in water, and the duration of contact of water with ozone is 
5-20 minutes. For effective disinfection of drinking water, it is necessary to 
introduce a dose of ozone sufficient to provide a residual concentration of 
dissolved ozone 0.4 mg/dm3, which should be maintained for 4 minutes /1/. 

Low-temperature ozonator based on reactor with dielectric barrier discharge 
(DBD) operated in water solution has been developed. Such a device can be 
used for disinfection of various surfaces by ozonated water, cosmetology 
procedures, for washing hands in urgent and purulent surgery, food processing 
(vegetables, fruits), etc. 
 

2. Experimental setup 
 

The device for preliminary water purification is made as a portable device 
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(Fig.1) and includes the following main units and elements: ozone reactor with a 
cooler (Fig. 2), built-in 20 liter capacity, two compressors, power unit, high 
voltage source, destructor, a pump for injecting ozone into water and further 
mixing the water-ozone mixture. 

The ozone reactor is made on the basis of flat electrodes with glass-
enamel dielectric coatings (ε ≈ 5), with cooling by a thermoelectric module. This 
type of reactor is described in more detail in /2/. Switching power supply with a 
frequency of 0.5 kHz, 10 kV and a power of 200 watts is used. The output 
concentration of ozone is 30-35 mg/l with air flow rate of 0.25 l/min and is 
controlled by an integrated spectroscopic meter. 

The device is built on the principle of the formation of ozone from the 
oxygen of the air exposed to a barrier electric discharge. Air intake is carried out 
by the compressor. After that, the air enters the container with silica gel, where 
it drains. Further through the destructor enters the barrier discharge of the 
reactor. The output ozone-air mixture is injected by a water pump into the water 
tank using the Venturi effect. Next, there is a mixing of the water-ozone mixture 
and its further saturation with ozone. 

 
 

Electrode 

Plexiglas case 

Thermal insulation 

Thermoelectric 
module 

 
 
 
 
 

 
 
 
 
 
Fig. 1 –  The device for preliminary Fig. 2 – The ozone reactor with  

water purification a cooler 
 

3. Results and discussion  
 
The ozone concentration in water was determined using an automated 

stand equipped with MDR-2 monochromator and photoelectric multiplier 
(PMT), where ozonized water circulated through the optical system with two 
quartz lenses. The excess ozone, which was collected over the water in the 
vessel, was blown to the environment through the destructor filled with activated 
carbon. During experiments, productivity of ozonator and temperature of the 
water was changed. The results of the measurement were recorded on a PC. 
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Fig. 3 – Time dependence of ozone concentration in water 
 

It was established that with input O3 concentration of 24 mg/l the 
saturation of water took place in 38 min and ozone concentration in water 
comprised 6.5 mg/l. With an inlet concentration of 20 mg/l for 30min, ozone 
concentration in water comprised 2.8 mg/l (Fig.3a). With input ozone 
concentration of 26 mg/l, the saturation of water occurred in 25 min and ozone 
concentration in water was 2.8 mg/l, whereas with an inlet concentration of 30 
mg/l for 46 min it comprised 4.0 mg/l. (Fig.3b).With input ozone concentration 
of 18 mg/l the saturation of water took place in 30 min and ozone concentration 
in water comprised 2.6 mg/l. With an inlet concentration of 25 mg/l for 32 min, 
ozone concentration in water comprised 2.9 mg/l (Fig.3c). In Fig. 3d, the water 
saturation took place in 31 min, and the O3 concentration in water was 2.7 mg/l. 

A set of experiments were carried out on eliminating various test-cultures 
from preliminary polluted medical instruments by using ozonized water. Table 1 
presents the results of disinfection treatment of medical equipment. 
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Table 1 –  Inactivation of test-cultures in ozonized water 
 
 О3 mg/l in 

water 
Т°С in water Kill time (min) Test - culture 

 
 E.coli 055 K 59№3912/4 1.8 18 
 
 

2 
Staphylococcus Aureus 1.8 18 

 

2 
Pseudomonas Aeruginoza 6 10 5 

As it seen from the Table 1 /2/, the test-cultures of E.Coli 055 K 
59№3912/4 and Staphylococcus Aureus ATCC№25923 were eliminated from 
the surface of medical equipment during 2 min of processing in ozone-aqueous  
media at 1.8 mg/l ozone concentration and at a temperature of 18oC. Test 
cultures of Pseudomonas Aeruginoza 27/99 were destructed at 6.0 mg/l and at 
10oC during 5 min. 
 
Conclusions 
 

Compressor type ozonator built on the principle of ozone formation from 
air oxygen under the action of dielectric barrier discharge with flat electrodes 
have been designed. Experiments on ozone saturation with tap water have been 
carried out. The ozone concentration at the output of generator comprised 20 to 
30 mg/l and depends on the blow down rate and on the reactor power applied to 
the plates. The ozone concentration in the aqueous solution varies from 2.5 to 6 
mg/l with a water volume of 10 liters and with air flow rate through the reactor 
0.2-0.4 l/min, respectively. Various test-cultures were eliminated from the 
surface of medical equipment in ozonized water produced by compressor-type 
ozonator. 
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Films of microcrystalline silicon cause an increased interest of researchers 
in connection with their unique properties that distinguish them from amorphous 
silicon. First of all, this is increased conductivity and a lower level of 
degradation in the structure of the solar cell under sunlight illumination. A 
number of physical and chemical methods for depositing thin-film coatings have 
been developed, allowing them to be deposited on various substrates. One of the 
first and well-studied methods of depositing thin films is sputtering the target, 
carried out by various methods, such as magnetron, radiofrequency or sputtering 
with a direct current /1/. The most promising methods of depositing thin films 
are plasma-chemical methods using remote plasma, where precursors are 
introduced at some distance from the plasma source, which reduces the negative 
influence of high-energy ions on the surface of the growing film. Examples of 
such processes can serve as: electron-cyclotron resonance, corona discharge, 
inductively-coupled plasma, expanding thermal plasma /2, 3/. Another method 
for depositing thin films using a remote plasma is the electron beam plasma, in 
particular, monosilane plasma is used for deposition of silicon films /4, 5/. 
However, the main industrial method for depositing silicon layers in the solar 
cell structure is PECVD, which provides very low deposition rates at 0.3 nm/s 
/6/. 

This work is devoted to the development of a new high-speed deposition 
method. The production of thin films of microcrystalline silicon with high 
deposition rates is ensured by the unique features of the gas-jet plasma-chemical 
method. The first of these consists in raw material feeding into the process in the 
form of a supersonic jet, which ensures the rapid delivery of the activated 
particles to the substrate. The second is that the used electron beam has a large 
number of electrons for effective activation and dissociation of gas molecules. 

Plasma generator, named cold plasmatron, consisting of an electron gun 1 
with a hollow cathode 2 was used to generate an electron beam 3. The nozzle 
block 4, which is a Laval nozzle system, was used for supplying working gases. 
The electrode configuration of the discharge system of the electron gun included 
a hollow cathode, an anode 5 and accelerating electrode 6 (extractor). The 
electron beam was formed by applying a potential to the extractor, relative to the 
anode /7/. The silicon-containing gas monosilane (SiH4) and the diluent gas 
argon (Ar) were supplied to the reaction vacuum chamber by means of a nozzle 
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block in the form of a supersonic jet. Upon interaction of the gas jet molecules 
with the electron beam, a low-temperature high-density electron beam plasma 
was formed, which contains chemically active particles. The particles, having 
reached the substrates arranged on the heater, formed a silicon film /5/. 

 
Fig. 1 - The scheme of the experimental setup 

 
Determination the crystallinity of the deposited silicon layers was carried 

out by processing Raman spectra. A spectrometer with a triple monochromator 
T64000 manufactured by Horiba Jobin Yvon was used in this work. To obtain 
data on the crystallinity, the Raman spectrum was decomposed into three 
Gaussian peaks /8/, and for small crystallinity values, the method of subtracting 
the spectrum of the amorphous phase /9/ was used. To determine deposition 
rates, films thicknesses on the LEF-81 "Microscan" scanning ellipsometer and 
the near-infrared reflection spectra (800-2000 nm) were measured on a UV-3101 
PC Shimadzu spectrophotometer. 

In the course of the work, the influence of various parameters of the gas-jet 
plasma-chemical method on the degree of crystallinity and deposition rate of 
silicon films was investigated. As the substrate for deposition, Corning EAGLE 
2000 glass, having a size of 150 × 150 mm and a thickness of 0.7 mm was used. 
The parameters were studied along the symmetry axes: along the gas flow and 
across it. Fig. 2 shows the longitudinal distributions of crystallinity (a) and the 
deposition rate (b) of silicon films as a function of the substrate temperature, 
which was set by means of a heater. Fig. (c) and (d) show the same 
dependences, but obtained in cross section perpendicular to the gas flow on the 
axis of the substrate. 

As can be seen from Fig. 2a, as the substrate temperature increases, the 
degree of crystallinity increases, both in absolute value and in length. Moreover, 
when passing from room temperature to 100°C, a sharp jump in the length of the 
crystallinity zone occurs, and further growth is absent, while the absolute value 
is slightly increased. More noticeable is the effect of temperature on the width of 
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the crystallinity zone. As can be seen from Fig. 2c, only at 170°C crystalline 
material precipitates practically on the entire area of the substrate, and at 
temperatures of 100°C or lower, the crystalline material is formed only in a 
narrow region, of the order of 30 mm, at the center of the substrate. It can be 
concluded from Fig. 2b and 2d that as the temperature increases, the deposition 
rate increases. 

 

 
Fig. 2 - Distribution of crystallinity (a, c) and deposition rate (b, d) of silicon 
films over the substrate surface as a function of the deposition temperature 

 
Thus, to obtain films of microcrystalline silicon at high deposition rates 

over large areas, it is necessary to maintain a sufficiently high temperature, 
determined by the thermal stability of the substrate. It can be concluded that the 
proposed method is also suitable for depositing microcrystalline silicon films on 
low-temperature flexible plastic substrates such as polyethylene naphthalate 
(PEN) or polyethylene terephthalate (PET), with deposition rates several times 
higher than those achieved in industrial production of thin-film silicon solar 
cells. 
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Abstract Plasma treatment of polytetrafluoroethylene (PTFE) films by 

direct current glow discharge was used for polymer surface modification. In 
this study we examined the relationship of wettability and electric charging of 
plasma-modified polymer films.  
 

Introduction Treatment of polymer films by low-temperature plasma is 
a very effective method for enhancement of their properties such as wettability 
and adhesive strength /1/.  The changes in plasma-modified polymers take 
place within  a surface layer with thickness not exceeding 100 nm as estimated 
by different authors. At the same time the bulk of polymer remains intact, 
retaining the inherent mechanical and physicochemical properties. We have 
shown earlier that the direct current glow discharge treatment of fluorine-
containing polymers leads to the significant hydropilization and improvement 
of adhesion properties and also to appearance of stable surface charges /2,3/. 
Recently we showed the existence of correlation of wetting, adhesion and 
electret properties of PTFE films, modified by direct current glow discharge 
/4/.  

Important question is the stability of properties of plasma-modified 
polymer films.  One of the most significant problems is the stability of wetting. 
Hydrophobic polymer surfaces after plasma treatment become hydrophilic, and 
this hydrophilicity is lost with time. This process is called “hydrophobic 
recovery”, and the nature of this process is not yet known. 
In this contribution we report on the investigations of the dynamics of 
wettability and electric charging of plasma-modified polymer films, and treat 
hydrophobic recovery as the result of relaxation of surface charges on polymer 
surface.   The relaxation is considered not only as the process of leakage of the 
electrical charge gained by the polymers under plasma treatment, but as the 
relaxation of polarized dipole groups, formed under electric field in glow 
discharge.   
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Experimental Samples of the PTFE film of 40 μm thickness 

(“Plastpolymer”, St. Petersburg, Russia) were used in the study. The procedure 
for film modification by DC discharge is detailed in /2/. Two symmetrical 
parallel plate aluminum electrodes of 18 cm in diameter with 5 cm distance 
between electrodes – cathode and anode, were used. The polymer samples 
were placed on the bottom electrode of the two electrode system. Working 
plasma gas was air, pressure of 10–15 Pa and a discharge current of 50 mA, 
treatment time 60 s. Surface properties were characterized by values of the 
contact angle measured with an Easy Drop DSA100 instrument (KRUSS, 
Germany) using deionized water as a test liquid. The electret potential was 
measured by the compensation technique using a dynamic capacitor. The 
experimental setup and the procedure of measurement are detailed in /5/. From 
the measured value of electret potential (U), the effective density of the surface 
charge (σ) was calculated by the equation σ = ε0εU/L. In this equation, ε0 is the 
electric constant and L is the thickness of the polymer film. Dielectric 
permittivity of the samples was taken to be ε = 2. The spectra of 
thermostimulated depolarization (TSD) of PTFE films were obtained on a 
TSCII device (Setaram, France) in helium atmosphere with heating rate of 9 
K/min. The currents were measured by a Keithley electrometer 6517E.  

 
Results and Discussion  Water droplets on pristine and plasma-treated 

PTFE films are shown on Fig. 1. Plasma treatment leads to drastic changes in 
wettability: PTFE surface from hydrophobic (contact angle θ=110º) becomes 
hydrophilic (contact angle θ=33º).  

  (a) (b) 
Fig. 1 - Water droplets on PTFE films: (a) pristine polymer film, contact angle 
of water θ=110º, (b) polymer film treated at the anode, contact angle of water 

θ=33º 
  
Plasma-treated PTFE films were stored on the air with relative humidity of 50%. 
Wettability and electret properties of polymer films were measured 
simultaneously. The experimental data on changes in contact angle of water (θ) 
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and  effective surface charge density (σ) for the PTFE films are shown on Fig.2. 
It can be seen that the plasma treatment of the films at the anode is more 
effective for wettability enhancement, than at the cathode.  
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(b) 
Fig. 2 - Storage time dependencies of contact angle θ (water) of PTFE films 
(a)  modified at the (1) cathode and (2) anode. (3)- contact angle of pristine 
PTFE film.  Storage time dependencies of effective surface charge density σ 

of the PTFE films (b) modified at the (1) cathode and (2) anode 
 
 After modifying PTFE film at the anode, the effective density of negative 
charge increases to –36 μC/m2, whereas the film treated at the cathode acquires 
a positive surface potential, equal to 140 μC/m2. Pristine PTFE film had a small 
negative surface potential and the effective charge density σ = –15 μC/m2. TSD 
currents of glow-discharge treated PTFE films are shown on Fig.3.  
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(b) 
Fig. 3 - Temperature dependence of depolarization currents glow-discharge 

treated PTFE films (a) at the anode (b) at the cathode 
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It is known that the experimentally determined value of the effective surface 
charge density is an integral characteristic of the electret state and is the sum of 
homo- and heterocharges. For both TSD curves maximums of currents with 
different polarity are observed. Major high-temperature peaks on the curves 
obviously belong to relaxation of homocharges, which are injected into the 
polymer surface during DC discharge treatment. Low-temperature minor peaks 
may be attributed to heterocharge, connected with orientation of polar groups 
during plasma treatment of polymer film. These polar groups are formed during 
oxidation reactions and oriented in electric field in the surface layer during  
polymer  plasma modification. So, the nature of the DC discharge-induced 
electret state in the polymer film may be associated not only with the charges, 
but also with oriented dipoles on the surface.  
 Polymer films, stored at room temperature, show simultaneous time 
dependencies, characterizing the increase of hydrophobicity and charge decay 
Fig. 2. Surface charge decay curves during  polymer heating are presented in 
Fig. 3. Thus, relaxation of electrets charges of PTFE films, treated by direct 
current glow discharge, can account for hydrophobic recovery, observed after 
storage of plasma-modified films. The observed relaxation should be considered 
not only as the process of leakage of the electrical charge gained by the 
polymers under plasma treatment, but also as relaxation of polarized dipole 
groups, formed under glow discharge treatment in PTFE films.   

It was shown that experimental values of time dependence of contact 
angle (θ) and  effective surface charge density (σ) for the plasma-treated PTFE 
films correspond to the theoretical model of wetting of charged polymer films 
/6/.     

Thus, to ensure high and stable wettability of polymer films processed in 
plasma, stabilization of electret charges are necessary. 
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Dense non-thermal plasma is a perfect instrument for heat and mass 

transfer intensification and energy generation - mainly because the flux of the 

ionized gas, being placed in the magnetic field, becomes a dirigible one.  

 The issue of minimal high-potential energy consumption for dense “cold” 

(non-equilibrium, non-thermal) plasma generation - is a decisive one for 

ensuring high final cost-efficiency. We elaborated and apply a powerful tool for 

optimization based on thermodynamics, which is especially efficient for energy 

management optimization.  It is based on thermodynamic analysis and ensures 

obtaining of optimal solutions (technologies) - with the extreme indices, which 

are maximally close to the respective thermodynamic limitations. The main 

parameter for optimization is the resultant increment (gain) of free energy ΔG 

(Gibbs’s energy).  Maximal gain of free energy ΔG, ensured by the technology, 

corresponds to the optimal solution. All the relevant factors are taken into 

account for the calculation of the resultant gain of free energy ΔG, inclusively 

ones referred to the eventual ecological damage.  

Generation of the dense non-thermal (“cold”) plasma in an energy-efficient 

way - is determinant for attaining of significant results. We consider several 

methods for energy-efficient dense non-thermal plasma generation: impulse 

microwaves (frequency range - approximately 1 - 9 GHz); dielectric barrier 

discharge (DBD); short (nanosecond) high voltage impulses; radionuclides 

(mainly coming from the spent nuclear fuel re-processing).  

Non-thermal plasma is essentially non-equilibrium one because the ion 

(and neutrals) temperature remains low, electron temperature being high (Te >> 

Tion = Tgas). The relative number of ionized particles (molecules, atoms and 

radicals) is proportional to the electron temperature and defines the intensity of 

the desirable magneto-hydrodynamic action.  

Energy-efficient methods of non-thermal plasma generation 

Microwaves are one of the best methods of obtaining dense cold plasma /1/: the 

higher is the frequency and applied power, the higher is the grade of non-

equilibrium and plasma density. For the most typical microwave discharges 

plasma density (i.e., the concentration of free electrons ne) is rather large, 

respectively electron plasma frequency  

pe = 2/1

0

2 )/( ee men                                                (1) 
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is sufficiently high and surpasses the cyclic frequency of microwave generation 

ω (ω<ωpe). So, the frequency of the electromagnetic field remains smaller than 

the plasma frequency, and this corresponds to the condition of effective (high) 

absorption of microwave energy by plasma. Also should be mentioned the 

advantages of microwave discharge plasma - as electrodless and which could be 

easily maintained at relatively high (inclusively, atmospheric and higher) 

pressure - especially when impulse microwaves are applied.  

The other two methods of non-thermal plasma generation - DBD and short 

(of order - nanosecond) high voltage impulses - could be treated as of the 

same (as compared with microwaves) mechanism of action - because periodic 

short impulses could be presented as the sum of simple oscillating functions, 

namely sines and cosines (i.e., decomposed in Fourier series) - of “microwave” 

range frequencies. So, for the generation of the non-equilibrium (non-thermal) 

plasma it is not obligatory to use harmonic high frequency oscillations. The 

same effect can be obtained as a result of application of the short (nano- and, 

eventually, pico-second) high voltage impulses. In this case plasma parameters 

can be controlled through the amplitude, duration and duty ratio of impulses. 

The main differences come from the hardware design, which appears to be more 

complex in the case of microwaves (see Fig. 1). 

 

 
Fig.1 – The scheme of microwave plasma installation as compared with high 

voltage impulses variant 
 

Radionuclides seem to be the most attractive instrument for non-thermal 

(“cold”) plasma generation - because dense plasma of necessary ionization grade 

could be obtained without any consume of high-potential (free) energy - but due 

to accumulated in radionuclides nuclear energy.  All three (α, β, γ) ionizing 

factors could be used, depending on the case. Of special interest are 

radionuclides coming from the spent nuclear fuel re-processing - strontium-90 

(Sr
90

) is a good example. Strontium-90 is practically “pure” beta emitter with E 

= (0,546 MeV & 2,28 MeV) and is one of the most abundant isotopes of 

uranium fission (about 4.5% of the total nuclear daughter products). Chemical 

instability of strontium (it manifests extreme reactivity with oxygen and water) 

can be annihilated - by a thin layer of aluminum oxide  (Al2O3) coating, or by its 

transforming into strontium titanate. (Strontium titanate is chemically stable and 

insoluble - due to its special stability quality it is used as a diamond simulant). 

Besides ionization of gas components, radionuclides (it is especially 

characteristic for α and β emitters) - additionally - ensure kinetic action 
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(momentum) in the direction of emission (propagation). The final value of this 

total momentum depends on the radioactivity and quantity of the radionuclide(s) 

used (and, of course, on the grade of construction’s optimization). 
 

 Example of wind (éolien) magneto-hydrodynamic power generator 

 The moving ionized atmospheric air (“ionized wind”) can generate 

electricity directly, without any mechanical transformations - due to magneto-

hydrodynamic effect: magnetic field applied perpendicular to ionized air flux 

causes Lorentz force which separates moving charges: 

                                               F = Q [vB]                                                      (2) 

 

On Fig. 2 is presented schematically the wind MHD power generator.  
 

 
 

Fig.2 – The scheme of the wind (éolien) MHD power generator. No moving 

parts. Charge separation occurs under the action of the Lorentz force  F = Q 

[v×B]. The main ionizing agents – radionuclides, which are placed in the 

ionizing camera 
  

 Example of magneto-hydrodynamic steam condensation improvement 

Cold plasma can be used in heat and mass transfer intensification. 

Nowadays most of the electric power is generated by means of thermodynamic 

cycles which predominantly use steam turbines. Respectively, evacuation of the 

waste heat through water vapor condensation is an extremely widespread, 

economically and ecologically sensitive technological process. The main feature 

of the proposed technology of dirigible energy-efficient condensation - 

transformation of the neutral water vapour from the output of the turbine into 

cold (non-equilibrium) plasma of sufficiently high density. Such “activated” flux 

of steam allows transformation of a part its thermal and kinetic energy into 

electricity - due to the relevant magneto-hydrodynamic (MHD) cycle. As a 

result of magnetic field application (perpendicular to vapour flux) there appears 

Lorentz force (2) which separates charges. 

 Additional power production is beneficial itself, but it is more important 

that for condensation there will be necessary to absorb much less amount of 

N 

S 

Ionizing camera with electrodes-collectors  
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heat. As a collateral positive effect, in the presence of the proper catalysts, there 

can be achieved partial water dissociation - with obtaining desirable products 

(H2, O2, H2O2) on the electrodes-collectors. 

 In dependence of the applied methods of dense plasma generation, the 

components of the “steam” plasma (molecules, atoms, radicals - and their 

electric charges) vary, the dominant remaining hydroxyl radicals (OH), 

hydroxide ions (OH
-
), hydrogen atoms (H) and their ions (H

+
), oxygen atoms 

(O) and their ions (O
+
, O

-
). 

 

Table 1 – Dissociation and ionization energies of water vapour and descendant 

products 

  As it comes from the Table 1, ionization energy (for plasma atoms, 

molecules, radicals) exceeds the dissociation one practically in all cases. It 

means that the concurrent processes of inevitable positive ions’ recombination 

(transformation into neutral particles - due to electrons’ re-absorption) cause 

dissociative recombination - a process where a positive molecular ions 

recombine with electrons, and, as a result of energy emission, the neutral 

particles - mostly molecules - dissociate. So, ionization means also dissociation. 

  Without any doubt, the presence of charged particles additionally 

contributes to facilitation of water vapour condensation (through stimulation of 

nucleation) and consequent reduction of resistance to phase transition. 

  Improved cold plasma magneto-hydrodynamic steam condensation is 

particularly beneficial for Nuclear Power Plants - because of the possibility to 

use additionally the spent nuclear fuel for cost-efficient cold plasma generation. 

(Spent nuclear fuel is always easily accessible directly on the Nuclear Power 

Plant’s site, and it disposes of - both useful - ionizing and thermal potentials).  
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(kJ/mol) 
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+
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It is known that poly(ethylene terephthalate) (PET) films are widely used 
for insulation of wires and cables, windings of electric motors, as well as in the 
composition of laminates for slotting high voltage electrical machines. In recent 
years, polymer films have been used in solar cell elements, and the laminate on 
their base serves as the back panel of the devices. The use of such laminate in 
comparison with the alternative three-layer PVDF/PET/PVDF structure (PVDF 
– poly(vinylidene fluoride) allows to improve the electrical insulation properties, 
reduce the penetration of moisture, and significantly reduce the cost of the ele-
ment. Apparently, this explains the interest shown at the present time to study 
the process of modifying the contact properties of the PET films surface. 

This paper presents a study of the surface modification of poly(ethylene 
terephthalate) films by DC discharge.  

The industrial PET films of PETLAIN BT 1010 E ("Superfilm", Turkey) 
were used in the experiments. The films of 40μm in thickness were modified by 
DC discharge using the setup and procedure described in detail in /1/. The film 
samples were placed at the anode or cathode, the working gas was filtered air. 
The plasma treatment was carried out at a pressure of ~10 Pa, discharge current 
of 50 mA, and treatment time of 50 s. The surface properties were characterized 
by contact angles of wettability θ) measured using two test liquids - water (de-
ionized) and glycerol with an Easy Drop DSA100 instrument (KRUSS, Ger-
many) and the software Drop Shape Analysis V.1.90.0.14 (error ±1°). Meas-
urements were made both directly after modification of the films and after stor-
age for 14 days under ambient conditions. The values of the total surface energy 
(γ), and its polar (γр) and dispersion (γd) components were calculated from the 
experimental θ values /2/.  

The chemical structure of the films was studied by the method of X-ray 
photoelectron spectroscopy (XPS). The XPS spectra were obtained using “PHI 
5500VersaProbeII" photoelectron spectrometer. The experiments were perfor-
med in an ultrahigh vacuum of 5×10-8 Pa using monochromatic AlKα radiation 
(hν=1486.6 eV, power 50 W), the diameter of the analysis area was 200 μm. 

The original PET film has the following values of the contact angles of wa-
ter and glycerol: θw = 80° and θglyc = 73°. It was established that the increase in 
the plasma treatment time leads to a rapid decrease in θ values for the first 30–
40 s, and then the curves gradually reach a plateau with increasing the treatment 
time to 50 s. The Table 1 presents the experimental data on θw and θglyc as meas-
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ured after PET films treatment at the anode or cathode, and after storage for 14 
days in air under ambient conditions. The calculated values of the total surface 
energy, its polar and dispersion components are also given. 

Table 1. The changing in the contact angles and surface energy of PET films modified by DC 
discharge at the anode and cathode (10 Pa, 50 mA, 50 s), and after storage for 14 days 

θ, deg Surface energy, mJ/m2
Sample Storage time, 

day θw θglyc γ γp γd

Initial – 80 73 26.5 12.4 14.1 
– 12 10 71.6 55.0 16.6 Treated at the anode 14 46 40 52.4 34.3 18.1 
– 10 9 72.2 55.8 16.4 Treated at the cathode 14 56 50 44.6 27.6 17.0 

 
It can be seen that the plasma treatment leads to hydrophilization of the 

PET film surface, and. the θ values for the films treated at the cathode and anode 
are almost identical. As a result of plasma treatment, the γ and γр values in-
creased by factors of ~2.7 and more than 4.5, respectively. After storage of the 
films for 14 days under ambient conditions, θw and θglyc increased to a greater 
extent for the films modified at the cathode, although the films remained hydro-
philic in both cases (θw < 60°).  

The chemical composition and structure of the initial PET film and the 
films modified at the anode and cathode were studied using XPS. Their survey 
spectra showed that the initial PET is characterized by the major lines C1s and  
O1s. Fig. 1 depicts the C1s spectra of (a) the initial film and the films modified 
at (b) the anode and (c) the cathode, and fig. 2 shows the respective O1s spectra. 
Deconvolution of the complex C1s peak of the initial film (Fig. 1a) revealed the 
following peaks: (1) the one characteristic of the C–C bond of aromatic ring at 
284.8  eV, (2) the peak due to C–O bond at 286.5 eV, (3) the peak correspond-
ing to the O=C–O at 288.9 eV. Note that there is a π–π* satellite at 290–292 eV 
indicating the aromatic nature of the polymer. The O1s spectrum of the initial 
film (Fig. 2a) exhibits two peaks at (1) 531.6 and (2) 533.2 eV due to O=C–O 
and С–О groups, respectively.  

The modification of the PET film at the cathode leads to a noticeable 
change in the chemical structure of the film surface. For a sample modified at 
the cathode, the position of the peaks in the spectra of C1s (Fig.1b) and O1s 
(Fig.2b) persists, however, their appreciable broadening is observed. The peak 
corresponding to the π-π * transition in the aromatic ring of the polymer is 
shifted to the region of lower energies. The spectrum shows an increase in the 
second peak, which indicates an increase in the amount of oxygen-containing C–
O groups in the polymer. The ratio of the peaks in the spectrum of C1s also 
changes (Table 2). Similar changes are observed in the O1s spectrum – the in-
tensity of the second peak corresponding to the C–O groups increases markedly. 
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Table 2. Deconvolution of the С1s peak of the initial film and the films modified at the 

сathode and anode 
 

Deconvolution of С1s peak, % Deconvolution   of  O1s 
peak, % Sample 

C–C, 
E=284.8 eV 

С–О, 
E=286.5 eV 

O=C–O, 
E=288.9 eV 

O=C–O, 
E=531.6 eV  

С–О, 
E=533.2 eV 

Initial 63 20 17 43 57 
Treated at the catho-

de  56 26 18 33 67 
Treated at the anode 65 21 13 67 33 

 
Probably, in this process the amount of O=C–O groups in the polymer 

structure decreases, and the amount of C–O group associated with the oxidation 
of precipitated products increases (Fig. 2c). This assumption confirms the O1s 
spectrum, shown in Fig. 2c. It is seen, that the intensity of the peak at 531.6 eV 
(O=C–O) decreases, whereas the peak at 533.2 eV (C–O) appreciably broadens. 
The ratio of structures in the polymer in this case is shown in Table 2. This as-
sumption confirms the O1s spectrum, shown in Fig. 2c. It is seen, that the inten-
sity of the peak at 531.6 eV (O=C–O) decreases, whereas the peak at 533.2 eV 
(C–O) appreciably broadens. As a result, despite the similarity of the elemental 
composition of such a film with the original, the chemical structure of its surface 
significantly differs.  

On the basis of the results obtained, it can be concluded that the modifica-
tion of PET films by DC discharge at the anode and cathode results in signifi-
cant hydrophilization of the surface, which persists for a long time. According to 
the XPS data, this effect can be explained by significant changes in the chemical 
structure of the film surface. For the film surfaces modified at the cathode and 
anode, the increase in the quantity of oxygen-containing C–O groups is ob-
served. However, the chemical structure of the surface treated at the anode dif-
fers, apparently, due to the etching of the film occurring by discharge process, 
followed by the deposition of products on this surface. 
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It has recently been discovered that Kara Sea copepods accumulate trace 

elements like lithium, arsenic and uranium [1]. Moreover, determination of 

Mg/Ca, Sr/Ca and other element ratios in biota provides insight into 

environmental conditions [2]. Application of LIBS for the analysis of plankton 

samples is limited by the absence of suitable CRMs. Therefore, a calibration-

free (CF) approach [3] is of a great interest for the solution of this problem. This 

study was focused on determination of ratios between Li, Na, K, Mg, Ca, Sr, and 

Al in zooplankton. 

Initially, we compared harmonics of a Nd-YAG laser (532 nm, 355 and 

266 nm) for sampling of pelleted plankton specimens. The 2nd harmonic (532 

nm) prevented reliable measurements with a sufficient signal-to-noise ratio due 

to the formation of big craters with a relatively low plasma emissivity, and the 

3rd and 4th harmonics provided a much higher lines intensity in plasma spectra. 

We used a 0.5–4 μs time interval to ensure local thermodynamic equilibrium in 

nanosecond laser plasma following literature data. Temperature and electron 

density were calculated from CN molecular bands in the 383 nm region, 

hydrogen (Hα and Hβ) and magnesium (at 383 and 517 nm) atomic lines. We 

selected lines for CF calculation free from self-absorption and spectral 

interferences with the use of a synthetic spectrum (an approximation of light 

transport in a homogeneous plasma). 

Temporal evolution of the plasma was traced over 0.5–3 μs delays. 

Minimum level of disturbing factors was observed at early delays (0.5–0.75 μs), 

which is not surprising given generally low plasma temperature, low line 

intensity and reproducibility of spectra owing to the features of the object under 

investigation. Analytical measurements were performed with the smallest 

possible gate width to minimize the influence of plasma variations.  Accuracy of 

the results was proved by common ICP-OES analysis. At the moment, the 

proposed method for the determination of element ratios in animal tissues is 

suitable for their semi-quantitative determination. 
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TEMPERATURE MEASUREMENT ON ANODE SPOT ON THE 
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An investigation of the metal surface temperature on being affected by 
plasma-arc discharge is of an interest in connection with its influence on 
processes of evaporation, condensation, dissolution of gases, refining, melting 
and crystallization and, finally, on performance attributes of metals and alloys.  

Complexity of the metal surface temperature measuring underneath an arc 
and especially in an anode spot is connected with high error, introduced by arc 
radiation. In the paper /1/, interference filters have been used for separating arc 
radiation and the surface in order to find «transparence windows» and to carry 
out temperature measurements without an impact of the arc radiation.  

With spectral methods /2/, it is possible to separate radiation of the arc and 
the metal since their nature is different: the surface radiation of heat provides 
continuous spectrum, while the arc radiation the line ones. The problem is 
reduced to finding «transparence windows» spectral interval in the spectra, in 
which the arc continuum intensity may be neglected in comparison with that of 
the metal thermal radiation.  

 
Measurement procedure and results 
 
Temperature of anode surface (iron) in the reduced pressure arcs. 

Experiments have been implemented at pressures about 10 Pa, discharge current 
strength of 150 and 220 A in the atmosphere of argon. Radiation of the object 
has been directed on the slit of a PGS-2 high resolution spectrograph by means 
of special optical devices. Line spectra has been identified on a SP-2 
spectroprojector, «transparence windows» have been defined, and photometric 
densities of selected areas have been measured by an MD-100 
microdensitometer and recorded on a К201 logger. 

In order to simultaneously observe continuous spectrum over all discharge 
gap, including anode (iron) and cathode (tungsten), a tenfold decreased vertical 
arc image has been pointed to the slit of the spectrograph so that the slit 
coincided with the discharge axis. The width of the investigated section was 0.2 
mm, the height was 40 mm. The measurements have been carried out in a wave-
length interval, at which continuum intensity was minimal (240– 450 nm). Parts 
of the spectrum free of lines (340 and 440 nm) have been chosen for 
determining temperature of anode (melt) and cathode. Fig. 1 represents the 

 1
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typical distribution curve of continuous component of spectrum along the 
discharge axis. The left maximum corresponds to the glow area of anode (melt), 
the right one to that of cathode. The discharge glow area itself is placed between 
them. One can see that continuum of the discharge spectrum at the discharge 
current of 150 A is sufficiently weak and is not able to influence essential on 
results of measuring of the anode and cathode temperature.  

Fig. 1 –  Distribution of photometric density along the discharge axis (10 Pa, 440 nm):  
1– 200 A; 2 – 150 A 

 
The temperature of the tungsten cathode has been determined by intensity 

of its radiation1. Using the tungsten cathode as an internal standard, we defined 
temperature of the anode. At the discharge current of 150 A, maximal 
temperature values of the iron melt surface and cathode has amounted to 3031 
and 3160 К, respectively. The obtained values don’t contradict to the available 
literary data. 

Relation between the temperature of the body and intensity of its radiation 
is expressed by Plank’s law, or in Wien’s approximation for real body 
(Tλ ≤ 2000 K·μm): 

          (1) 
where b0(λ,T) is spectral brightness of the blackbody; ε(λ,T) – spectral radiant 
emittance; Т is temperature, К; λ is wavelength, μm; C1=2hc2=3.74 10-16 W/m2; 
С2=hc/k=1.438-10-4 μm·К; h is Planck's constant; с is velocity of light; k is 
Boltzmann's constant. 

The temperature of outer surface of the hollow tungsten cathode has been 
calculated by relative background intensity at two wavelength values (340 and 
440 nm): 

                     
1 Radiant emittance of tungsten is known for temperatures from 300 to 3000 К and in a wide wavelength 
interval, which allow measuring the tungsten cathode temperature by radiation intensity at different wave-
lengths (Ebert G. Abridged reference book on physics. Moscow : GIZFML, 1963. 551 pp.) 

 2

____________________________________________________________________________7. Plasma applications

375



                                       (2) 
According to calculation, the temperature of the tungsten cathode has been 

estimated as 3160 и 3317 К at the discharge current of 150 A and 220 А 
correspondingly. The temperature of anode (iron melt) Та has been determined 
by relative intensity of cathode and anode radiation bk/ba at the wavelength of 
440 nm using Тk, computed from the formula (2): 

                                                 (3) 
Value ε for iron practically doesn’t depend on temperature and is equal to 

0.45 at a given wavelength value. At the discharge current of 150 A, the liquid 
iron surface temperature was 3031 К. The error is as higher, as the values of 
temperature and equivalent wavelength λeq=(λ1λ2)/(λ1+λ2) are higher. In our 
conditions, ΔT is 50–100 К.  

 
Temperature of metal surfaces at atmospheric pressure 
The series of spectral investigations of the melting surface of refractory 

metals under conditions of plasma heating in atmosphere of argon at general 
pressure of 0.1 MPa and current of 225 A and higher have been implemented.  

Optical arrangement of temperature measurement along the side surface of 
cylindrical tungsten rod is presented in Fig. 2. Results of measurements of the 
temperature distribution in a heating zone (along the entire length of the 
tungsten rod of 50 mm in length and 25 mm in diameter) are sown in Fig. 3.  

 

 
1 – object-glass; 2 – substrate-anode; 3 – metal 
sample; 4 – plasmotrone-cathode. 

Fig. 2 – Optical arrangement of the 
temperature measurement along the side 

surface of cylindrical rod 

Fig. 3 –  Temperature distribution along the 
tungsten rod. I = 225 A, U = 20 V 

 

 3
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It is obtained that maximal temperature in the center of the metal equals to 
3975 К; on the metal surface, temperature within a radius of 10 mm exceeds 
melting temperature of tungsten (Тm=3693 К). When the arc is cutting off, metal 
is instantly becoming hardened. In Fig. 3 one can see that the melt surface 
temperature lessens from 4000 to 3000 К. The maximal temperature on the axis 
is still high (3000 К), but it is essentially lower that the tungsten melting 
temperature (3693 К). 

In conditions under consideration, maximal temperatures for iron and 
nickel in the plasma heating zone are close to the boiling-point (Tb), as it is 
shown in the Table. 

 
Metal Тm, К Тb, К Тmax

*, К 
Fe 1811 3145 2960 
W 3693 5953 4120 
Zr 2125 4613 4040 
Ni 1728 3073 3590 

*– results of measurement 
 
Reaching the boiling-point for refractory metals (W, Zr) requires the 

greater power contribution. 
 
Conclusion 
 
It is shown that in the wavelength range of 240-450 nm, there exist 

«transparence zones» in spectra of the arc plasma in argon; they may be used for 
measuring the melt surface temperature directly in the process of plasma-arc 
heating. It was obtained that the melt surface temperature in an anode spot 
depends slightly on the total pressure and current strength, but essentially 
depends on the melt features and can reach the boiling-point. 
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Wideband ultrasonic signals are widely investigated as powerful diagnostic 

tool for advanced applications, for example, biomedical high-resolution high-

contrast imaging and nondestructive analysis /1/. Number of studies of 

ultrasonic transducers have been conducted because ultrasonics offers very high-

resolution diagnostics due to the relatively small speed of sound within the most 

part of liquids and solids (ultrasound waves are typically characterized by the 

optical-scale wavelengths even in the sub-gigahertz frequency range). But there 

are some limitations for effective ultrasonic transducers design. Conventional 

transducers based on piezoelectric effect typically allows bandwidths only up to 

tens of megahertz. Moreover, such transducers are quite bulky. Furthermore, the 

attenuation of ultrasonic wave is higher than 100 dB/mm in the frequency range 

exceeding gigahertz /1,2/. Thus, the thickness of absorption layer on the surface 

of an optical fiber should be minimized. Additionally, a tiny transducer is only 

suitable variant because it should be place directly on the object under test. 

Fiber-optic transducers based on the photoacoustic effect are comparatively 

small (optical fiber core diameter is less than 10 µm), flexible and movable. 

Moreover, they are characterized by high electromagnetic immunity, dielectric 

design and chemical durability. Metallic nanostructures, which are formatted on 

the surface of an optical fiber edge by laser plasma condensation, can potentially 

provide very high absorption (up to 90%) within the thickness of 

nanoparticles (NPs) monolayer. Photoacoustic transformation of the modulated 

optical signal in the acoustic waves takes place due to periodical thermal 

expansion/contraction.  

In this paper, we present theoretical investigation of absorption of laser 

radiation within metallic NPs monolayer on the surface of the optical fiber edge. 

Optical characteristics of surface metallic nanostructures. In general, 

surface nanostructures can be synthesized by means of chemical deposition /3/, 

optical assisted deposition in liquid media /4/, and laser plasma condensation 

/5,6/. The procedure of NPs formation within the ablation flare allows the 

expulsion of the atmospheric gases, which in turn provides the direct synthesis 

of chemically pure NPs of noble metals without an oxide/hydroxide shell /7/. 

A frequency domain simulation by means of the CST Microwave Studio 

Student Edition is performed for the modelling of optical characteristics of a 
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metal NPs monolayer on the surface of an optical fiber edge. The unit cell of the 

NPs monolayer is simulated as follows. The unit cell contains two infinite 

osculating parallelepipeds, one of them is the solid substrate and another is the 

surrounding medium. NPs is placed on the surface of the solid substrate (fiber 

edge), so the whole NP volume is located within the surrounding medium. The 

representation of the structure and scattering parameters is shown in the Fig. 1.  
 

 
Fig. 1 – Simulation layout of the nanostructure based on the metal NPs 

monolayer on the fiber edge 
 

For effectiveness of the photoacoustic transformation of the modulated 

optical signal in the acoustic waves due to periodical thermal 

expansion/contraction, it is necessary to fulfil the following conditions: 1. 

Commercially available cheap laser with up to GHz-range frequency response 

(405, 445, 450, 510–530 nm semiconductor lasers are studied theoretically); 2. 

Wide peak in the absorption spectrum (full width at the 90% maximum 

exceeding 25 nm is studied); 3. High absorption value at the spectral peak (more 

than 50% is studied). 

Semiconductor lasers allow easy and effective coupling with optical fiber. 

In this work, optical loss coefficient is calculated from optical scattering 

parameters. Optical loss in the nanostructure are calculated as loss associated 

with energy dissipation. It is shown earlier that Au NPs monolayer on the optical 

fiber edge allows the most effective transformation of the modulated optical 

signal in the acoustic waves within wide ranges of sizes (from 10 to 30 nm) and 

surface occupation densities (from 35 to 70%) /8/. In particular, it is possible 

achieve optical power up to 60 mW at the wavelength of 520 nm in the optical 

fiber. Absorption peak for nanostructures based on Ag NPs monolayer on the 

optical fiber edge is observed near the wavelength of 445 nm. Absorbtion 

coefficients are less than to 30%. But it is possible achieve optical power up to 

1800 mW at the wavelength of 445 nm in the short optical fiber pigtails /8/. 

Fig. 2 shows regions of nanostructure parameters, which provide the most 

effective absorption of the laser radiation (1 denotes region for Ag NPs within 

the air surrounding, 2 denotes region for Ag NPs within the water surrounding). 

It is necessary to note, that thin protective coatings can be deposited on the NPs 

monolayer. 

S
11

 

a
2
 

b
1
 b

2
 

Optical fiber core 

S
22

 
a

1
 

Surrounding (air, water, etc) 

Metallic nanoparticle 

S21 

Fiber shell 

Fiber shell S12 

____________________________________________________________________________7. Plasma applications

379



 
Fig. 2 – Regions of parameters, which provide the most effective absorption of 

the laser radiation by surface nanostructures (1 for Ag NPs in the air 

surrounding, 2 for Ag NPs in the water surrounding) 
 

It is shown that Au NPs monolayer on the optical fiber edge allows the 

most effective transformation of the modulated optical signal in the acoustic 

waves within wide ranges of sizes (from 10 to 30 nm) and surface occupation 

densities (from 35 to 70%). 
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The synthesis and characterization of the polymer bilayer composite 

membranes (CMs) prepared by deposition of nanosized films onto one side of a 
porous substrate using a plasma polymerization were performed. Polypropylene 
track-etched membrane (PP TM) with thickness of 10.0 μm and pore diameter of 
300 nm (pore density of 108 cm–2) was used as a porous substrate. To produce 
the membrane, PP-foil ‘Torayfan’ T2372 (Toray Co., Japan) was irradiated by 
xenon ions accelerated at the cyclotron and then subjected to physicochemical 
treatment using the method described in /1/. The deposition of the polymer films 
onto the membrane surface was conducted by RF-discharge (13.56 MHz, 
100 W) generated at a working pressure of 0.7 Pa established by a mixture of 
argon, used as the feed gas, with hexamethyldisilazane (HMDSN) vapors used 
as a precursor. The deposition time was varied. The schematic diagram of the 
setup and the processing procedure are described in detail in /2/. 

The surface morphology of the membranes was characterized by scanning 
electron microscopy (SEM) and atomic force microscopy (AFM), the surface 
properties were studied by measuring the water contact angles, and the chemical 
structure was investigated by X-ray photoelectron spectroscopy (XPS). The 
measurements of the current-voltage characteristics of the membranes were 
carried out with a direct current regime in the voltage range of –1 to +1 V using 
a PC-controlled potentiostat ‘Elins P-8S’ (Russia) with a scan rate of 50 mV/s. 
A two-chambered cell with Ag/AgCl electrodes, containing a water solution of 
potassium chloride of identical concentration on both sides of the membrane 
was used for this purpose.  

The investigation of the CMs formation process shows that, as the 
thickness of the deposited polymer layer increases, the pore diameter on the 
membrane surface decreases. When the process is carried out for 5 min, the 
thickness of the polymer layer of hexamethyldisilazane (PPHMDSN) is 150 nm, 
which causes a slight decrease in the diameter of pores, which remain open 
(Fig. 1b). In the case of a membrane with a thickness of the deposited layer of 
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300 nm, the decrease in pore diameter is more significant (Fig. 1c), which 
causes a significant decrease in the gas permeability (Table 1). After the 
processing for 20 min, the thickness of the polymer layer is 600 nm, and the 
SEM studies show that it covers the pores almost completely (Fig. 1d). A further 
increase in time to 30 min results in a thickness of the polymer layer of 900 nm, 
which completely covers the pores on the surface of the TM (Fig. 1e). The 
examination of a transverse chip of such a membrane shows (Fig. 1e, inset) that 
the pores in the layer of the deposited polymer are markedly narrowed, and the 
average pore diameter in the mouth is about 20 nm. 

 
Table 1. Change of the membrane characteristics after plasma treatment 

Modified membrane (min) Characteristics Original 
membrane 5 10 20 30 

Relative increase in the mass (%) — 2.5 4.4 10.0 13.5 
Thickness of the deposited layer (nm) — 150 300 600 900 
Air flow rate at ΔP=104 Pa (ml/min cm2) 280 255 240 195 15 
Effective pore diameter (nm) 300 295 290 275 130 
Water contact angle (deg) 120 100 98 97 96 
Surface roughness, Rms (nm) 34.7 21.9 19.5 17.0 13.8 

 

 
   

 

a) b) c)

d) e)

Fig. 1 – SEM images of the surfaces and cross-sections (insets) of the original 
PP TM (a) and membranes with applied layer of PPHMDSN with a thickness of 

150 (b), 300 (c), 600 (d) and 900 nm (e)  
 

The study of the surface morphology of modified membranes by means of 
AFM shows that, in the course of the coating deposition, a change in the 
roughness occurs on the surface of PP TM. For the original membrane, the 
standard deviation (Rms) of the surface profile with respect to the baseline is 34.7 
nm. The observed relatively high value of this quantity is associated with the 
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method of obtaining TM involving chemical etching in the environment of a 
powerful oxidant. The PPHMDSN film deposition by plasma leads to a 
smoothing of the irregularities, so the value of Rms for the modified samples is 
markedly reduced. For example, the deposition of the film with a thickness of 
150 nm leads to a decrease in the Rms value to 21.9 nm, whereas with a thickness 
of 300 nm, this value decreases to 19.5 nm (Table 1). The comparison of the 
surface properties of the original PP TM and the modified membranes shows 
that a decrease in the value of water contact angle from 120° to 98° is observed 
after the deposition of the PPHMDSN film; however, both CMs layers are 
hydrophobic. 
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Fig. 2 – Current-voltage characteristics of original PP TM (a) and membranes with applied 
PPHMDSN layer having a thickness (Lp) of 150 and 300 nm in KCl solution at a concentration 
of 10–2 mol/L (b); and PP TM with applied PPHMDSN layer having a thickness of 600 (c) and 

900 nm (d) in KCl solution at a concentrations of 10–2 and 10–3 mol/L 
 

The XPS spectra of PPHMDSN polymer films exhibit peaks associated 
with carbon, silicon, nitrogen, and oxygen atoms. The deconvolution of the C1s 
spectrum indicates the presence of C–Si (283.5 eV), C–C, C–H (284.5 eV), and 
C–N, C–O (286.0 eV) bonds, whose concentration is 90.9, 6.1, and 3.0%, 
respectively. The deconvolution of the Si2p spectrum shows the presence of 
next bonds: Si–C (100.3 eV), Si–N (101.6 eV), and Si–O (102.4 eV) with 

____________________________________________________________________________7. Plasma applications

383



concentration of 91.1, 6.2, and 2.7%, respectively. The presence of oxygen-
containing chemical groups means that a part of the carbon and silicon atoms is 
in the oxidized state, which is inherent in polymers produced by plasma 
polymerization. 

The measurement of the current-voltage characteristics shows that the 
electrical conductivity of PP TM with a 150-nm-thick layer of PPHMDSN, for 
which the pore diameter at the surface and the effective pore diameter hardly 
change, does not depend on the current direction (Fig. 2b), but only results in a 
decrease in the current value. This could be connected with the existence of an 
interface between the original membrane and the polymer layer. The deposition 
of layers with a higher thickness leads to a conduction asymmetry in CMs, i.e., a 
rectifying effect that consists in the difference in currents of opposite directions 
(Figs. 2b-d). So, the rectification coefficient for a membrane with a PPHMDSN 
layer of 300 nm thick in a KCl solution with a concentration of 10–2 mol/L is 
1.3, whereas in the case of KCl concentration amounting to 10–3 mol/L, this 
coefficient is 1.2. In the case of a deposited PPHMDSN layer with a thickness of 
600 nm, CM exhibits the formation of conical pores with a considerable 
decrease in their diameter at the mouth (Fig. 1c). The rectification coefficient for 
such a membrane in the KCl solution with a concentration of 10–2 mol/L is 3.4, 
whereas in the KCl solution with a concentration of 10–3 mol/L, the coefficient 
is 2.0. The deposition of the layer with a thickness of 900 nm leads not only to a 
decrease in the current but also to an increase in the rectification coefficient: in 
KCl solution with a concentration of 10–2 mol/L, kr = 7.5, whereas in the 
solution with a concentration of 10–3 mol/L, kr = 6.2. The main reason for the 
conduction asymmetry occurring in CMs of this type consists in the change in 
the pore geometry and in a substantial decrease in the pore diameter in the 
deposited polymer layer (Fig. 1e), which leads to the difference in the resistance 
of the system with change in the current direction.  
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Usually, for the supply of gas-discharge lasers and gas-discharge lamps of 

solid-state lasers, a constant, a variable (LF, HF, SHF) and a pulsed current   /1/ 

is used. 

When the discharge is powered by a modulated current containing a 

constant and a variable component, an acoustic field appears in the discharge, 

caused by the variable current component and coinciding with it in frequency. 

This acoustic field interacts with the plasma in the discharge tube, the discharge 

tube is behaving like an acoustic resonator. As a result, the plasma passes into a 

new - acoustoplasma state. In the acoustoplasma state, the plasma parameters 

can differ considerably from the plasma parameters without an acoustic 

perturbation /2, 3/. 
The architecture of modern laser tubes and power supply units (PSUs) 

does not take into account the specifics of acoustoplasma interaction. The 

specificity of the acoustoplasma discharge is such that during the period of 

modulation of the discharge current the ohmic discharge resistance can vary 

from several tens of kOhm to several MOhm, short-term current and voltage 

surges several times higher than the average values over the modulation period. 

Particularly serious requirements are imposed on the PSU of an 

acoustoplasma gas-discharge laser. The average voltage at the discharge is 5-

10 kV, the input power is hundreds of watts, and the modulation frequency 

should vary from very low frequencies to several tens of kHz. The power supply 

unit for the acoustoplasma magnetron should provide a stable mode of operation 

with a discharge current change from 150-200 mA with a change in the 

discharge resistance from values close to a short circuit to values close to idling. 

Therefore, for acoustoplasma gas discharge devices, a unified power 

supply unit was developed capable of providing different depths of modulation 

of the discharge current at different frequencies. 

The PSU is designed to supply lasers, magnetrons, gas-discharge light 

sources, plasma chemical reactors and other gas-discharge devices with both 

direct current and modulated current containing constant and variable 

components. 
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It works stably with significant fluctuations in the active and differential 

resistances (tested in short-time idle and short-circuit modes), with overloads in 

energy input, voltage and current. In addition, the PSU undergoes minimal 

changes (changing the high-voltage (HV) transformer and multiplier) for 

magnetron discharges or for discharge tubes of different designs, different 

lengths and different gas compositions, both independently with a separate tube 

and as part of a modular laser, when feeding individual modules. 

Fig. 1 shows a schematic diagram of the developed PSU. 

The mains power supply (1) Fig.1 provides a constant voltage of 300 V 

for power supply and +15 V for power supply of the control part. The control 

input of the pulse-width modulator (PWM converter) (2) is fed with a 

modulating frequency signal (6). PWM converter frequency is 50 kHz. At the 

output of the PWM converter there are powerful HV transistors providing power 

to the transformer and the voltage multiplier (3). A small resistive ballast (4) 

serves to protect the discharge tube (5) from overload and is much smaller in 

magnitude than the average value during the modulation period of the negative 

differential resistance (when the DC power is applied, the ballast resistance must 

be greater than the negative differential resistance). Reducing ballast resistance 

significantly increases the efficiency of the power supply. 

 

 
 

Fig. 1 – Diagram of supply of acoustoplasma discharge. 1 - power supply; 

2 - pulse-width modulation voltage converter and power amplifier; 3 - 

high-voltage transformer and voltage multiplier; 4 - resistive ballast; 5 - 

magnetron; 6 - the modulating signal 

 

Fig. 2 shows the diagram of voltage at different points in the circuit. 

A diode voltage multiplier is connected to the secondary winding of the 

transformer. The capacitors of the multiplier are selected in such a way that the 

output high voltage after the multiplier at the input of the resistive ballast (pos.4 

Fig. 1) contains the constant and variable components (diagram 3 of Fig. 2) and 

the component variable repeats the frequency and shape of the modulating 

signal curve. This voltage is applied to the discharge tube. 

Fig. 3 shows the circuit diagram of the power supply unit. The PWM 

converter is assembled on a TL494 chip. Resistance R1 - changes the clock 

frequency. The external generator G specifies the frequency and depth of 

modulation, which is determined by the amplitude of the signal of the generator 
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G and the position of the engine R2, which determine the duration of the PWM 

pulses at the zero level of the signal of the generator G (i.e., the level of the 

constant component of the discharge current). The keys on the transistors VT1 - 

VT4 through the transformer decouplings T1 and T2 control the high-voltage 

transistors VT5 and VT6. The primary winding of the T3 transformer is 

connected to a half-bridge inverter (VT5, VT6, C1, C2). 

 

 

 

 

 

 

 

 

 

Fig. 2 – Power supply voltage diagrams. 1 - modulating signal; 2 - signal 

on primary winding of HV transformer; 3 - voltage at the output of the 

HV multiplier 

 

 
 

Fig. 3 – Diagram of the power supply unit (without multipliers). The pulse 

amplitude on the primary winding is 150 V, and on the secondary side it  

is ~ 4 kV for the laser (and 1.5 kV for the magnetron) 

 

For short laser tubes (the length of the discharge gap is <0.4 m), a doubler 

of voltage is sufficient. 

For long discharge tubes, a multistage full-wave /4/ multiplier is used 

(Fig. 4), which allows the output voltage to be 15-20 kV at currents of 20-30 

mA. 
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Fig. 4 – Full-wave multiplier 

 

The manufactured power supply units had the following parameters: 

• Modulated high voltage output, kV -                                                   up to 20 

  Modifications (3-4 kV) 

• Output power, W -                                                                                        400 

• Supply voltage, V -                                                                                       220 

  Modification – onboard network, V                                                                27  

• Frequency range of output modulation 

  high-voltage, kHz -                                                                                      0 - 10 

• Modulation depth change, % -                                                                    0 - 50 

• The form of the discharge current - is a sine or any other 

 

The described power supply can be used in various areas not related to 

acoustoplasma, for example, in geophysics (electrical prospecting), biophysics 

(the effect of slowly varying electric and magnetic fields over large areas), etc. 
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The experimental results for a developed cylindrical planar acoustoplasma 
magnetron (a diode with magnetic izolation) are presented /1,2/.The difference 
between the acoustoplasma discharge and the discharge at a constant current is 
described in /3, 4/. The acoustoplasma is created in the discharge by the 
interaction of a plasma created by a modulated discharge current containing a 
constant and a variable component with acoustic vibrations. The parameters of 
the acoustoplasma, including the magnetronacoustoplasma, can differ from the 
plasma parameters without acoustic perturbation. 

The manufactured magnetron had a ferrite-barium magnet ring with 
dimensions Dout = 45 mm, Din = 18 mm, ring height h = 10 mm, magnetic 
induction ~ 0.3-0.5 Tl. The diameter of the central core d = 7 mm, height h = 12 
mm. 

The plasma torus had an external diameter of 26 mm and an inner 
diameter of 12 mm. The anode was a ring with a diameter of 50 mm made from 
a 6 mm copper rod. The distance from the anode to the cathode could be varied 
from several mm to several cm. 

The region of localization of a strong magnetic field was located at a 
distance of 0-4 mm from the cathode. When the cathode was displaced for long 
distances, the discharge became unstable, space charge pulsations began. 

A specially designed power supply unit was used to supply the magnetron 
/5/. The average current of the magnetron discharge is 0.1-0.15 A (the current 
density at the cathode surface is ~ 20 mA / cm2). Voltage at the discharge is of 
150-300 V. Parameters for DC power supply and in acoustoplasma mode were 
compared. 

Fig. 1 shows the work of the magnetron when deposited on a glass 
substrate.It is seen how the stream of sputtered particles "hits" the glass 
substrate. The diameter of the torch of the sputtered material is ~ 4 cm, the 
height of the glow of the torch is 8-10 cm. It can be seen from Fig. 1 that the 
intensity of the torch is more typical for a plasmatron than for a magnetron. 

The formation of a narrow torch is associated with the focusing action of 
the anode loop of small radius. 
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Fig.1  – The work of the manufactured magnetron 
 

As a result of ion acceleration after the passage of the anode loop, it is 
possible to obtain such a large energy of the sputtered particles that the 
deposition layer is destroyed, i. e. at the same time, an etching of the sprayed 
particles takes place. This energy is less than the standard implantation energy. 

Fig. 2 shows a scheme for measuring ion and electron currents with two 
grids. Such a scheme allows to measure more exactly the collector current and 
avoid the parasitic effect of modulating the voltage on the anode on the collector 
current. 

 
 

Fig. 2 – Scheme of measuring the strength of ion and electron currents in 
experiments with an acoustoplasma magnetron. K–sputtered cathode, A-

anode, C1-first grid, C2-second grid, Collector-collector, mA-
microammeter, B1–battery1, B2–battery2, PS-discharge power source, R, 

C-resistance and leakage capacitor 
 
Fig. 3 shows the change in the ion current (with a voltage on the first 

grid>0, in this case the field between the grids 1 and 2 slows the electrons) and 
electron current (voltage on the first grid <0, the field between grids 1 and 2 
slows the ions). Fig. 3 also shows the expression of the approximating curve. It 
can be seen from Fig. 3 that the collector current becomes purely ionic only after 
the voltage that detains the electron is ~ 8V. 

M is the depth of modulation of the discharge current (the ratio of the 
variable component to the direct),I0 is the value of the direct component. 
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Fig.3 – Ion and electron currents to the collector in the acoustoplasma 
mode: f = 1.25 kHz, M = 0.25, I0 = 0.15 A, Us2 = -1.5 V, Us1 = -10.4 / + 
10.8 V 
 

Conclusion 
• A cylindrical planar acoustoplasma magnetron was developed. 
• The small radius of the anode loop allows focusing and further 
acceleration of the ionic component of the sprayed material. The 
possibilities of focusing and its aberration are shown. 

• The characteristics of the magnetron are compared when supplied with 
DC and in acoustoplasma mode (AP) (with a modulated current supply 
containing direct and variable components). 

• The radiation pattern of the particle flow from the sputtered cathode is 
significantly narrowed (the angle at the level of 0.5 from the maximum 
in the directivity pattern in existing magnetrons is ~ 100º, and in the 
developed magnetron ~ 50º in the DC mode and ~ 40º in the AP mode). 

• The current-voltage characteristic for the AP regime at a buffer gas 
pressure of 0.5 Pa is increasing, and at a buffer gas pressure of 10 Pa is 
decreasing. For the DC mode at 0.5 Pa - increasing, and at a pressure of 
10 Pa - parallel to the axis of the current, i.e. When the discharge current 
changes, the voltage remains constant. 

• At a cathode power density of 95 W / cm2, when the anode-substrate 
distance is changed from 2 to 4 cm in the DC mode, the sputtering speed 
decreases by a factor of 3.4, and in the AP mode by a factor of 2.3. With 
a power density of 75 W/cm2, respectively, 3.3 and 2 times. With a 
power density of 55 W/cm2, respectively, 3.8 and 2.5 times. With a 
power density of 40 W/cm2, respectively, 12.5 and 4.7 times. Thus, with 
increasing distance from the anode to the substrate and decreasing power 
density (i.e., discharge current), the AP mode becomes increasingly 
advantageous. 
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• A scheme is proposed for measuring the strength of ion and electron 
currents in experiments with an acoustoplasma magnetron, taking into 
account the specificity of the acoustoplasma discharge. 

• Graphs of ion and electron currents on the substrateare shown. 
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In the present paper, we describe the synthesis and characterization of 

polymer composite membranes with hydrophilic porous substrate and 
hydrophobic top layer. To prepare such type of composite membranes a 
polytetrafluoroethylene-like (PTFE-like) thin film has been deposited on one 
side of a poly(ethylene terephthalate) track-etched membrane used as a porous 
substrate. PTFE-like layers were deposited by electron-beam dispersion of solid 
polymer in vacuum. The electron source was a filament electron gun; the initial 
pressure of residual gases in the reaction chamber was ~10–3 Pa; the emission 
current 10 mA  and the electron energy 1.2 keV. The target was a PTFE plate of 
10 mm in thickness and 35 mm in diameter (Plastopolymer, St. Petersburg). The 
schematic of the setup and the treatment procedure detail are described in /1/. 

The characteristics of the original membrane and membranes with the 
deposited polymer layers were determined by different procedures. The amount 
of the deposited polymer on the membrane surface was defined by the 
gravimetric method. The gas flow rate through the membranes was determined 
at an adjusted pressure drop. Gas consumption was measured by a float-type 
flow meter. The effective pore diameter was calculated using the Hagen-
Poiseuille equation from the obtained data. Surface topography of the 
membranes was studied using a NTEGRA Prima (NT-MDT, Russia) atomic 
force microscope (AFM). Measurements were made in the dynamic mode to 
obtain a three-dimensional image; the scan area for each sample was 5×5 μm2. 
The surface properties were characterized by values of the contact angle 
measured with an Easy Drop DSA100 instrument (KRUSS, Germany) using 
deionized water as a test liquid. 

The characteristics measured for the original PET TM and the membranes 
with a polymer layer obtained by electron-beam dispersion of PTFE are shown 
in Table 1. Standard deviations of values were calculated after triplicate 
experiments. As it follows from the given data, the deposition of the PTFE-like 
layer on the PET TM surface leads to a gradual increase in mass of the sample 
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with the increasing time of the process. The thickness of the membrane 
increases, and the effective pore diameter decreases in this case. Thus, during  
deposition for 4.5 min, the thickness of  PTFE-like layer reaches 150 nm and the 
effective pore diameter decreases by 55 nm. In the case of membrane treatment 
for 7 min, the thickness of the deposited PTFE-like layer is 250 nm and the 
effective pore diameter decreases by 75 nm. A decrease in the effective pore 
diameter of the composite membranes means that the pore diameter in the 
deposited polymer layer is much smaller than that of the original PET TM. 
 

Table 1. Changes in the membrane characteristics with a PTFE-like layer on the surface 

Modified membrane (min) Parameters Original 
membrane 4.5 7.0 

Relative increase in the mass (%) — 2.9 ± 0.1 4.2 ± 0.1 
Thickness of deposited layer (nm) — 150 ± 5 250 ± 5 
Air flow rate at ΔP=2×104 Pa (ml/min cm2) 300 ± 5 125 ± 3 85 ± 3 
Effective pore diameter (nm) 250 ± 7 195 ± 5 175 ± 5 
Water contact angle (deg) 65 ± 1 115 ± 1 140 ± 1 

 

(a) (b) (c)

Fig. 1 –  AFM images of the surface of the original PET TM (a) and the membranes after 
deposition of the polymer layer by electron-beam dispersion of PTFE for 4.5 (b) and 

7 min (c) 
 

Study of the surface of the modified membranes using AFM (Fig. 1) shows 
that only an insignificant reduction of the pore diameter on the membrane 
surface is observed for the membrane treated for 4.5 min (Fig. 1b). The 
membrane pores are open in this case. In contrast, for a membrane treated for 7 
min a PTFE-like layer on the treated side covers the membrane pores (Fig. 1c). 
The essential reduction in the effective pore diameter for this membrane 
suggests that PTFE-like polymer is deposited mostly on the pore surface, with 
the pore shape being altered. According to AFM data, the pore diameter on the 
back side of the modified membranes remains practically unchanged in our 
experiments. This means that the electron-beam deposition of the PTFE-like 
layer onto the PET TM surface leads to a change in the pore geometry, namely, 
the pores acquire an asymmetric shape. Moreover, the AFM data show that the 
deposited PTFE-like layer has globular character (Fig. 2a and 2c). The globules, 
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constituting the porous system of the layer, are polymer nanoclusters with an 
irregular shape. Determination of a particle size shows that with increasing 
deposition time of PTFE-like layer, the size of the deposited particles increases. 
For example, the average particle size of the deposited polymer during the 
process for 7 min is ∼ 300 nm, and their maximum size reaches 500 nm 
(Fig. 2b). During the process for 15 min, the average size of PTFE-like globules 
is 400 nm, and their maximum value reaches 700 nm (Fig. 2d). 
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Fig. 2 –  AFM images of the PET TM surface after deposition of PTFE-like layer with 
the thickness of 200 (a) and 500 nm (c); histograms of the particle size distribution for 

these PTFE-like layers (b and d) 
 
The study of the wetting properties of the membranes has shown that the 

deposition of the PTFE-like film leads to substantial hydrophobization of the 
membrane surface. The original membrane has the water contact angle (θ) of 
65°, whereas the PET TM with a PTFE-like layer on the surface has θ = 115° 
for the membrane treated for 4.5 min, and 140° for the membrane treated for 
7 min. An increase of contact angle can be explained by increasing of the 
surface roughness /2/. So, for the membrane with 150-nm PTFE-like layer, the 
surface roughness (Rms) is 13 nm. Deposition of the 250-nm polymer film leads 
to increasing  of  the Rms value up to 30.5 nm and  after deposition of the 500-nm 
film, the Rms becomes equal to 70 nm. 

The chemical structure of the polymer obtained by the electron-beam 
dispersion of PTFE was determined using X-Ray Photoelectron Spectroscopy 
(XPS) measurements. Analysis of the XPS spectrum of the PTFE-like layer 
shows the presence of the peaks corresponding to carbon and fluorine atoms. 
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Theoretically, the fluorine to carbon atomic ratio in PTFE is equal to 2. In the 
polymer layer obtained by electron-beam dispersion of PTFE, this ratio is 1.8, 
indicating the detachment of a certain amount of fluorine atoms during the 
deposition. A detailed analysis of the C1s spectrum (Fig. 3a) shows that it has a 
complex pattern due to the presence of C–C bonds (284.8 eV), CF2 (292.1 eV), 
C*−CF (287.5 eV), C*F−CF (289.8 eV) and CF3 (293.9 eV). Presence of (−CF3) 
groups indicates the existence in the polymer layer macromolecules with short 
chains. 

 

298 296 294 292 290 288 286 284 282

(а)

 Binding energy, eV

C−C:      284.8 eV,  2.8%
C*−CF:  287.5 eV,  6.4%
C−F:      289.8 eV,  10.7%
CF2:       292.1 eV,  69.8%
CF3:       293.9 eV,  10.3%

C−FCF3 C*−СF C−C

CF2

292 290 288 286 284 282 280

(b)

C−OO=C−O

C−C, C−H

Binding energy, eV 

C−C, C−H:   284.6 eV,  66.0%
C−O:            286.3 eV,  18.3%
O=C−O:       288.7 eV,  15.7%

 
Fig. 3 – Carbon (C1s) spectra of the polymer obtained by electron-beam deposition of PTFE-

like coatings (a) and the original PET TM (b) 
 
Figure 3b shows the detailed structure of the carbon C1s peak for the 

original PET TM. The peak consists of three sub-peaks belonging to the C–C 
and C–H bonds (284.6 eV), to the C–O bond (286.3 eV) and to the O=C–O bond 
from the ester group (288.7 eV). Thus, the deposition of the PTFE-like layer 
onto the PET TM surface leads to the formation of the composite membranes 
consisting of two layers, one of which is the original PET matrix bearing 
terminal carboxyl groups on the surface and having an average level of 
hydrophilicity. The other layer deposited by electron-beam dispersion of PTFE 
has hydrophobic properties. Membranes of this type can be used in various 
separation processes, such as desalination of water, pervaporation, reverse 
osmosis, micro- and nanofiltration. 
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Ti1-xAlxC1-yNy films were studied by energy dispersive X-ray analysis, 

scanning electron microscopy, atomic force microscopy, and optical 

spectroscopy. The results of investigation have been shown that solar 

absorptance coefficient αs = 0.51 and emittance 𝜀 = 0.44 correspond to the 

Ti0.72Al0.28C0.34N0.66 film, αs = 0.59 and 𝜀 = 0.43 correspond to the 

Ti0.38Al0.62C0.32N0.68 film, and αs = 0.66 and 𝜀 = 0.31 correspond to the 

Ti0.51Al0.49C0.37N0.63 film. 
 

1. Introduction 
 

Spectrally selective functional coatings prepared by plasma deposition 

processes are used as a solar absorber for solar thermal convertors and as a 

thermal control material for spacecraft applications /1, 2/. In this report, a 

systematic investigation has been made to determine optical characteristic of  

the Ti1-xAlxC1-yNy films depending on elemental composition. 
 

2. Experimental 
 

Prior to deposition the substrates were cleaned by ion etching in argon 

plasma at 6.0∙10
-2

 Pa, at the discharge current of 20 mA, the discharge voltage 

was 2.4 kV, the cleaning time was 5 min. 

Ti1-xAlxC1-yNy coatings were deposited onto the glass and silicon 

substrates by a reactive magnetron sputtering technique. The deposition 

experiments were performed in an argon–nitrogen-acetylene plasma at 

7.0∙10
-2

 Pa. The target-to-substrate distance was maintained at 80 mm. The 

discharge current was 1.5 A, the deposition temperature was 220 ◦C, the bias 

voltage was - 90 V, and deposition time was 20 min. Pressure, discharge current, 

substrate heating and bias potential were kept constant throughout the coating 
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deposition process. Ti1-xAlxC1-yNy films with different elemental composition 

were deposited using various Ti-Al mosaic targets. The schemes of Ti-Al 

mosaic targets are shown in Fig. 1. 
 

 
a    b    c 

Fig. 1 – The schemes of the Ti-Al mosaic targets: 

a) target no.1 with the lowest Al/Ti ratio; b) target no.2; c) target no.3 with the 

highest Al/Ti ratio 
 

Microstructure of the Ti1-xAlxC1-yNy coatings was studied by scanning 

electron microscopy (SEM) using a Merlin Carl Zeiss microscope. Elemental 

compositions of the films were determined by energy dispersive X-ray spectra 

(EDS). The surface roughness parameters (the average Sa and root-mean-square 

Sq) were measured by atomic force microscopy (AFM) with a Solver P47 Pro 

microscope.  

Solar absorptance coefficient αs and emittance 𝜀 of the films under study 

were calculated according to following formulas /3/: 
 

   (1) 
 

     (2) 
 

Here P
i
λ and P

bb
λ (T) denote the incident spectral solar radiant power (or 

intensity, irradiance) and the temperature dependent, spectral blackbody radiant 

power respectively. The spectral absorptance, A(λ), and spectral emittance, 𝜀(λ), 

were determined from optical measurements of reflectance and transmittance 

spectra in wavelength range of 0,36-25 mkm. 
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3. Results and discussion 
 

The results of EDS measurements of Ti1-xAlxC1-yNy coatings are presented 

in Table 1. Fig. 2 shows SEM images of Ti1-xAlxC1-yNy coatings. 
 

Table 1 – The elemental composition of Ti1-xAlxC1-yNy films  

Sample 
Target 

no. 

Elemental composition, at. % 

(Al+Ti)/ 

(C+N) Ti Al C N O 

Ar, Si, 

Cu, 

etc. 

Ti0.72Al0.28C0.34N0.66 1 47.39 17.94 10.42 18.56 4.02 1.67 2.25 

Ti0.51Al0.49C0.37N0.63 2 19.72 19.10 18.28 30.25 6.41 6.24 0.80 

Ti0.38Al0.62C0.32N0.68 3 19.40 32.23 12.78 26.62 2.62 6.35 1.31 
 

 
a     b    c 

Fig. 2 – SEM images of Ti1-xAlxC1-yNy coatings: 

a) Ti0.72Al0.28C0.34N0.66; b) Ti0.51Al0.49C0.37N0.63; c) Ti0.38Al0.62C0.32N0.68 
 

There are impurities of the aluminum alloy AK1.0 (Si, Cu, Mg, Mn, Fe, 

Na), oxygen and argon in the Ti1-xAlxC1-yNy films composition. The oxygen 

concentration in the coating can be due to the coating microstructure 

peculiarities. The presence of argon is associated with the implantation of argon 

ions into the growing film. 

SEM images are shown in Fig. 2. Ti1-xAlxC1-yNy coatings of different 

elemental composition have dissimilar microstructure type: 

Ti0.72Al0.28C0.34N0.66 has a mixed granular-columnar structure type, 

Ti0.51Al0.49C0.37N0.63 has a columnar structure with voids between columns, 

and Ti0.38Al0.62C0.32N0.68 has a fine-grained microstructure. It should be noted 

that the coating Ti0.51Al0.49C0.37N0.63 with voids between the columns has the 

largest atomic oxygen concentration. 

The results of thickness, surface roughness and optical characteristic 
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measurements are shown in Table 2. 
 

Table 2. The thickness h, the average Sa and root-mean-square Sq surface 

roughness, the solar absorptance αs, the emittance 𝜀, and the ratio αs/𝜀 of 

Ti1-xAlxC1-yNy films 

Sample h, mkm Sa,nm Sq,nm αs 𝜀 αs/ 𝜀 

Ti0.72Al0.28C0.34N0.66 1.87 1.04 3.30 0.51 0.44 1.15 

Ti0.51Al0.49C0.37N0.63 1.16 8.88 11.07 0.66 0.31 2.14 

Ti0.38Al0.62C0.32N0.68 1.42 1.38 1.74 0.59 0.43 1.39 
 

Ti0.72Al0.28C0.34N0.66 film of the largest thickness was formed from target 

no.1 with the smallest Al/Ti ratio. The results of AFM investigations are in good 

agreement with the results of SEM.  

The experimental spectroscopic data and calculation results have been 

shown that the lowest solar absorptance coefficient (αs = 0.51) and highest 

emittance (𝜀 = 0.44) correspond to the Ti0.72Al0.28C0.34N0.66 coating with a 

thickness of 1872 nm, the solar absorptance coefficient of 0.59 and emittance of 

0.43 correspond to the Ti0.38Al0.62C0.32N0.68 coating with a thickness of 

1416 nm, and the highest solar absorptance coefficient (αs = 0.66) and lowest 

emittance (𝜀 = 0.31) correspond to the Ti0.51Al0.49C0.37N0.63 film with a 

thickness of 1157 nm. 
 

4. Conclusion 
 

Sputter mosaic Ti-Al targets have been found to be good means of varying 

the deposited coatings composition. It has been found that the film composition 

can be varied to lower the αs/𝜀 ratio by decreasing the aluminum-to-titanium 

ratio in the target. 
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Liquid-propellant rocket engine (LPRE) is highly energy intensive 

complex technical object. It operates in severe conditions and may be exposed to 
substantial mechanical and thermal stresses during operation. Usually it is 
designed for operation on such important facilities as spacecrafts, aircrafts and 
special machinery. Malfunction of such engine can lead to significant loss of 
property and even to destruction. Implementation of continuous engine technical 
status and operating mode monitoring may reduce probability of this scenario. 
Such monitoring requires development of multichannel registration systems, that 
can enable analysis of heterogeneous parameters, which can characterize engine 
technical condition and operating mode. Meanwhile existing contact methods of 
liquid-propellant rocket engine status diagnostics such as monitoring of  
propellant mixture components flow rates, pressures, temperatures cannot 
provide response speed and reliability necessary for development of advanced 
engine diagnostics, control and emergency shutdown systems. Also contact 
sensors require that possibility of their installation must be provided by engine 
design, and engine design modification is not allowed in many cases. Moreover, 
operational environment not always will allow mounting sensors in close 
proximity to such engine units. Therefore search for innovative and particularly 
for non-contact and fast-responding techniques for liquid-propellant rocket 
engines health and operating regimes monitoring is of current concern. Such 
techniques can be based, specifically, on investigation of parameters of 
alternating electrical and magnetic fields, originating during engine operation. 

Most of propellant mixtures for LPRE burn at temperatures of 2000-
4000 К. In the flame front ionization processes take place and exhaust gas flows 
contain uncompensated electric charges. Charged particles appear to be ions, 
soot particulates and charged particles, originating at early stages of engine 
structural elements destruction or flame erosion. Parameters of alternating 
electrical and magnetic fields originating in proximity to engine, depend upon 
charged particles distribution within plasma flow and also upon the pattern of 
their motion, which, in turn, are related to engine design features, engine 
technical condition and operating modes. Revelation of such correlation may 
enable to utilize it for development of non-contact electromagnetic techniques 
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for rocket engine technical status and operating mode monitoring and 
emergency shutdown systems. 

SSPA“Optics, Optoelectronics and Laser Technology” has developed 
hardware-software means for multiparameter monitoring of complex technical 
objects /1/. These hardware-software means were used for investigation of 
parameters of physical fields originating during stand fire tests of various types 
of model liquid-propellant rocket engines at Bauman Moscow State Technical 
University testing stand as shown in Fig. 1 and Fig. 2. 

Parameters of alternating electrical and magnetic fields in proximity to the 
engine, engine plume optical radiation spectra, engine body temperatures and 
vibrations, acoustic noise produced by the engine during operation, as well as 
test procedure videodata were registered simultaneously. 

Also testing stand nominal measuring tools were used for registration of 
propellant mixture components flow rates, pressures and temperatures at various 
parts of testing stand gas-dynamic scheme. Fig. 3 shows erosing insert of engine 
nozzle critical section after fire test execution. 

 

 
 

 

Fig. 1 – Model liquid-
propellant rocket engine 

stand fire test process 

Fig. 2 – Example deployment of 
sensors in proximity to liquid-

propellant rocket engine 

Fig. 3 – Erosing insert of 
nozzle critical section 

after fire test execution 
 
Deployment of alternating electrical and magnetic field sensors and 

electrical and magnetic antennas in proximity to liquid-propellant rocket engine 
is shown in Fig. 4 and Fig. 5. Fig. 6 shows working window of dedicated 
computer software in alternating electrical and magnetic fields registration 
mode. 
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1 - LPRE; 2 - electrical 

field sensor; 3 - 
magnetic field sensor 

Fig. 4 – Deployment of 
alternating electrical 
and magnetic field 

sensors in proximity to 
LPRE 

1 - LPRE; 2 - magnetic 
antenna; 3 - electrical 

antenna. 
Fig. 5 – Deployment of 
electrical and magnetic 
antennas in proximity to 

LPRE 

 
Fig. 6 – Working window of dedicated 

computer software in alternating 
electrical and magnetic fields 

registration mode 

1 
1

2 

2 3

3 

 
Propellant mixture for tested liquid-propellant rocket engines consisted of 

kerosene and oxygen. Basic parameters of model liquid-propellant rocket 
engines operation were as follows: pressure in combustion chamber, Pк – 1…3 
MPa; oxidizer (gaseous oxygen) flow rate, mо – 0.10…0.30 kg/s; fuel (kerosene) 
flow rate, mг – 0.10…0.30 kg/s; oxidizer excess coefficient α – 0.2…2.0; 
individual test start-up duration, t – 1…30 s. Fig. 7 and Fig. 8 show example 
oscillograms of registered signals, acquired by alternating electrical and 
magnetic fields sensors, superimposed on profiles of pressure variation in 
combustion chamber of liquid-propellant rocket engine. 

 

  
Fig.7 – Profile of pressure 
variation in combustion 
chamber of LPRE and 

oscillogram of signal from 
alternating electric field 

sensor 

Fig. 8 – Profile of pressure 
variation in combustion chamber 
of LPRE (1) and oscillogram of 
signal from alternating magnetic 

field sensor (2) 

Fig. 9 –- Enlarged 
fragment of signal 
oscillogram from 

alternating magnetic field 
sensor  

1
12

2

Oscillograms of signals, acquired by alternating electrical and magnetic 
fields sensors, superimposed on profiles of pressure variation in combustion 
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chamber of liquid-propellant rocket engine, show specific engine operation 
phases: valves opening and closing (for oxidizer, fuel feed, nitrogen purging 
valves), electrospark ignition system switching on and off, increase of pressure 
in combustion chamber and its stabilization. The largest signal was registered 
during electrospark ignition system operation. 

Fig. 9 shows enlarged fragment of signal oscillogram, acquired from 
alternating magnetic field sensor, where phases of electrospark ignition system 
operation (1) and appearance of noise-like signal (2), associated with the 
beginning of burning process can be seen. 

Analysis of measurement data, achieved during tests, shows that 
amplitudes and spectra of alternating electrical and magnetic fields, registered in 
proximity to tested liquid-propellant rocket engines, presence and intensity of 
spectral lines in LPRE plumes optical radiation, depend upon the phase and 
modes of operation of the engine. The same applies to engine body frames 
vibrations and also to acoustic noise, produced during engine operation. 
Comparison of the data, achieved with the help of developed hardware-software 
means for multiparameter monitoring of complex technical objects, with 
information, achieved from testing stand nominal measuring tools, revealed 
correlation between LPRE operating modes and parameters of alternating 
electrical and magnetic fields, registered in proximity to tested liquid-propellant 
rocket engine. In particular, near-linear dependence of amplitude of oscillation 
of electrical and magnetic fields on pressure in combustion chamber of LPRE 
was revealed. The results, achieved during tests, show that signals acquired with 
the help of developed hardware-software means and their correlation with LPRE 
modes of operation may be utilized as diagnostic indicators for development of 
fast responding LPRE health monitoring, control and emergency shutdown 
systems. 

 
Conclusions 
Investigations carried out show that measurement information, acquired 

with the help of developed hardware-software means can be used for revelation 
and exploration of correlations between rocket engine technical status and 
modes of operation and parameters of alternating electrical and magnetic fields, 
originating in proximity to the engine during its operation, which, in turn, may 
be utilized as diagnostic indicators for development of specialized fast 
responding automated rocket engine monitoring, diagnostics and emergency 
shutdown systems. 

 
References 
1. Hryshyn S.А., Klimentovski V.V., VIII International Conference 

«Plasma Physics and Plasma Technology», 2 (2015) 517-520. 

Plasma Physics and Plasma Technology 9____________________________________________________________________________

404



DEPOSITION OF FILM COATINGS WITH TITANIUM AND SILVER 
NANOPARTICLES BY MEANS OF COMBINED MAGNETRON-LASER 

PLASMA  
 

A.P. Burmakou, O.R. Lyudchik, V.N. Kuleshov, A.V. Stoliarov 
 

Belarusian State University, 4, Nezavisimosti avenue, 220030, Minsk, Belarus.  
E-mail: Burmakov@bsu.by; KuleshovV@Yandex.ru 

 
Introduction 

 
Combination of laser and magnetron plasma creates potential possibilities 

for obtaining coatings with improved properties. The main feature of this 
combination is the simultaneous use of two plasma streams, which differ 
significantly in energy and time characteristics. The effectiveness of the use of 
magnetron-laser technology was demonstrated by the example of the creation of 
protective coatings with low coefficient of friction based on carbon, for the 
deposition of nanosized films, cermet structures, composite coatings, the 
production of solid lubricants /1-4/. Recently, interest has grown in such 
structures as dielectric film coatings with the inclusion of a nano-sized 
semiconductor or metallic phase, for example, silicon nanocrystals in a silicon 
dioxide matrix, as well as silicon or germanium nanocrystals in an Al2O3 or 
SiGeO2. Nanostructures with particles of Au and Ag introduce great possibilities 
because of the effective absorption of light due to surface plasmon resonance 
(SPR). To form structures such as an array of metal particles in a solid-state 
dielectric matrix, magnetron-laser deposition was not used. The purpose of this 
work was the formation of such structures based on the matrix TiO2 with 
particles of Ti or Ag. 

 
Experiment and results 

 
The technique of magnetron-laser deposition of the TiO2 oxide matrix with 

Ti and Ag nanoparticles is realized using a vacuum unit, the main structural 
elements of which are shown in Fig. 1. 

A magnetron sputter (cathode diameter 5 cm) formed a TiO2 film coating 
on the substrate at an argon-oxygen gas mixture with pressure of 0.8 Pa and the 
values of X = 40 mm, Y = 70 mm, φ = 25˚. The oxygen consumption was 
controlled by an optical system using a small-size spectrometer. The laser 
plasma was formed by a two-pulse laser on YAG:Nd3+. The wavelength was 
532 nm, pulse frequency 2 Hz, duration 12 ns. Scanning of the beam along the 
surface of the target was carried out with the help of prisms of total internal 
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reflection. The radiation power density on the target was 2,0–2,5 GW/cm2. The 
deposition time of the coatings was 27 min. 
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Fig. 1 – Scheme of realization of the technique of combined magnetron-laser 
deposition: 1 - substrate, 2 - laser target, 3 - magnetron, 4 - screen, 5 and 6 - laser and 

magnetron plasma, 7 - laser beam, 8 and 9 - focusing lens and scanning device, 
10 - controlled puffing of argon and oxygen, 11 - sensor of the optical system of the oxygen 

flow control, 12 - vacuum chamber 
 
A significant effect on the characteristics of the plasma of a magnetron 

discharge is exerted by the potential of the metal screen in front of the substrate 
(element 4 in Fig. 1). The potential value +(20-30)V leads to a significant 
increase in the density of excited atomic particles in comparison with the case of 
a grounded screen. Near the surface of the substrate, the OI line intensity has 
grown almost 6 times, the TiI lines 3 times, the ArI lines 2.5 times. This resulted 
in an increase in the deposition rate and uniformity of the coating over the 
thickness. 

The characteristics of the laser plasma are affected by the time delay 
between the laser pulses in the two-pulse generation mode. It is established that 
such a delay increases the intensity of ion lines by 1.5-2.0 times with a delay in 
the interval 0.2-0.6 microseconds.  

The simultaneous existence of the magnetron discharge plasma and the 
pulsed-periodic laser plasma leads to a change in the characteristics of the 
magnetron discharge. After the appearance of the laser plasma, a glowing 
magnetron discharge for a time of 5-30 μs passes into the arc by a sharp increase 
in the current and a decrease in the voltage /5/. A cathode spot arises on the 
surface of the magnetron cathode. A consequence of this effect of the laser 
plasma on the magnetron discharge is the additional contribution of the arc 
discharge found in /5/ to the radiation of the combined-flux plasma. In addition, 
there is also an additional contribution of the arc discharge to the drip phase of 
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the laser erosion flow. This is confirmed by the results of the analysis of 
coatings by the method of scanning electron microscopy. In the formation of Ti 
matrix structures with Ag particles, when the laser target was silver, and the 
cathode of the magnetron was titanium, Ti particles with a particle size of the 
order of 1 μm were found in the coating in addition to the metallic Ag particles. 
The detected titanium particles are not purely metallic. They contain oxygen in 
weight percent less than for the TiO2 compound. 

The optical and structural properties of TiO2 coatings with Ti and Ag 
particles were studied by optical, scanning electron microscopy, 
spectrophotometry and atomic force microscopy. 

The transmission and absorption spectra of films with Ti and Ag particles 
are significantly different. 

 

 
Fig. 2 – The transmission (1) and the absorption (2) for the structure Ag in TiO2, the 

transmission (3) and the absorption (4) for the structure Ti in TiO2. Substract is glass 
 
For Ti in TiO2 film like in the TiO2 the interference structure of the 

reflection and transmission spectra is observed, which corresponds to a 
sufficiently high transparency of the coating. Absorption varies little and 
amounts to 15-18%. For film Ag in TiO2 in the range of 400-500 nm there is a 
significant absorption and a very low transmission of about 1%. This feature is 
most likely due to SPR. The maximum optical density of the coating is about 
two in the range 430-440 nm. Measurement of optical characteristics for 1 year 
has shown their stability. Using the results of /5/, where the dependence of the 
wavelength of the absorption maximum on the diameter of the silver particles is 
presented, it is possible to estimate the characteristic size of the Ag coating 
particles in TiO2. In our case this size is about 50 nm. 

The AFM images of the surfaces of the structure of Ti in TiO2 and Ag in 
TiO2 are shown at Fig. 3. The processing of planar AFM images showed that the 
predominant particle size of Ti in the TiO2 matrix lies in the range of 50-150 nm 
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with a surface density of 10-15 per 1 μm2, and Ag particles in the TiO2 matrix in 
the range of 20-60 nm with a surface density of 90-150 at 1 μm2. The film 
thicknesses are close to 200-250 nm. As in Fig. 2, these structures were obtained 
under the same conditions. However, the structure of particles and their surface 
density are significantly different. 

 

 
Fig. 3 –  3D AFM images of film Ti in TiO2 (left) and Ag in TiO2 (right) 

 
Conclusions 

 
Combined magnetron-laser plasma makes it possible to form coatings, 

which are an array of nanosized metal particles distributed over the thickness of 
the dielectric oxide matrix. On the example of Ti and Ag particles in the TiO2 
matrix, the conditions for the realization of the procedure are determined. For 
the structure of Ag in TiO2, an absorption band in the visible region due to 
surface plasmon resonance is observed. 
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Polymer materials are widely used for biomedical applications ranging 

from catheters, heart valves, stents to biodegradable scaffolds for tissue 

engineering. In all cases strict requirements to materials properties are applied 

starting from common microscopical characteristics (3D architectonics, 

mechanical properties, etc.) to aim-targeted features, such as specific bioactivity 

and biodegradation rate. A fabrication of polymer materials with desired 

structure and properties requires a lot of compromise between polymer 

characteristics and processing technology and, thus, almost leaves no possibility 

to control surface properties, which are critical for medical application. Plasma 

treatment is a well-known and highly promising approach for direct 

modification of surface properties of biomaterials /13/. Variation of processing 

parameters, such as discharge type, a nature of working gas, duration, etc., 

allows to control surface properties, chemistry and morphology in a wide range. 

Another promising approach of plasma treatment of materials for medical 

applications is using it as a tool for surface activation prior further 

immobilization or grafting of bioactive components onto the materials /4/. 

Deposition of bioactive components, such as proteins and polysaccharides, onto 

surfaces of materials based on synthetic polymers is highly desired to control 

their biocompatibility. For example, chitosan is one of the widely used natural 

polymers to be immobilized onto various surfaces to control their compatibility 

with various cell lines or blood components. This polysaccharide is a 

biocompatible, biodegradable and could effectively act as site for binding of 

bioactive components, drugs or cell attachment. 

This research aims to evaluate an effectiveness of direct current (DC) 

discharge treatment of polymer films such as poly(ethylene terephthalate) (PET) 

and poly(L,L-lactide) (PLLA) as surface activation method for immobilization 

of chitosan and collagen onto the film surfaces. 

Commercially available PET films (PETLAIN BT 1010 E, «Superfilm», 
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Turkey) and PLLA films casted from 5 wt. % solution of poly(L,L-lactide) 

(Sigma-Aldrich, USA) in CH2Cl2 were treated by DC-discharge (50 mA) at the 

anode or at the cathode using a residual air as working gas (~10 Pa) for 60 s /5/. 

Then, untreated and plasma-treated films were incubated within either 0.25 

wt.% collagen (type I) or 1 wt.% chitosan (molecular weight of 60 kDa, degree 

of acetylation of 0.1) solutions in 1% acetic acid for 2 hrs at 37C. The films 

were carefully washed with water (bidistillate) and dried in a dust-free chamber 

at RT. 

The surface properties of native films as well as coated films were 

characterized by contact angle (θ) measurements with an Easy Drop DSA100 

instrument (KRUSS, Germany) and the software suite Drop Shape Analysis 

V.1.90.0.14 using two test liquids (bidistilled water and glycerol). The values of 

work of adhesion, the total surface energy (γ), and its polar (γ
р
) and dispersion 

(γ
d
) components were calculated according to /6/. Figure 1 shows results of 

contact angles measurements of untreated and plasma-treated PET and PLLA 

films after immobilization of chitosan and collagen, respectively. Measurements 

of contact angles showed that wettability of untreated films even after the 

incubation in chitosan or collagen solutions was similar to native PET or PLLA 

film indicating the absence of any chitosan/collagen grafting onto untreated 

polymer surfaces. The contact angles of wettability of chitosan/collagen-coated 

films were close to values determined on model films casted of chitosan (68) 

and hydrolyzed collagen, i.e. gelatin, (63) and significantly higher than angles 

obtained on plasma-treated films prior incubation /5/.  

 

  
Fig. 1  Effect of plasma treatment on surface properties of the PET and PLLA 

films coated by collagen (b) without (PET or PLLA) or after treatment on the anode 

or the cathode (PET-A/Chs or PLLA-A/Col). Water contact angle (±1) air/water, 

%; total surface energy () and values of its dispersive (
d
) and polar ( 

p
) 

components, mJ m
-2
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The MTT-assay using 3T3 fibroblast cell line and LDH-assay using 

human mesenchymal stromal cells showed no notable cytoxicity of the films 

because the lowest cell viability detected was above 70%. Scanning electron 

microscopy revealed that the PLLA film coated by collagen after the 

preliminary plasma treatment at the anode ensured the best adhesion and 

proliferation of human mesenchymal stromal cells (Fig. 2) compared to native 

and cathode-treated PLLA films.  

 

 
Fig. 2  Scanning electron microscopy of human mesenchymal stromal cells 

cultured on the collagen-coated PLLA film treated at the anode 

 

 Thus, DC discharge plasma treatment of poly(ethylene terephthalate) and 

poly(L,L-lactide) films allowed to effectively activate their surface prior 

immobilization of chitosan and collagen onto the film samples, and, thus, to 

enhance their surface properties, including ability to support adhesion and 

proliferation of human mesenchymal stromal cells. 
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The properties of the carbon coating are mainly determined by the phase 
ratio sp3/sp2, the phase dispersion, which are largely unambiguously determined 
by the choice of the method and technological formation regimes /1-4/. Thus, 
any data on carbon coatings must be correlated with an accurate description of 
the deposition conditions, including the materials and technologies used (sample 
preparation, carbon plasma sources operation regimes, geometric parameters of 
the working chamber, etc.). It is known that doping with metals and their 
compounds is an effective technological method to achieve multi-functionality 
and improve the properties of carbon-based coatings /5-7/. In this connection, it 
is of scientific and practical interest to study the regularities of the influence of 
plasma doping conditions and regimes, to develop effective technological 
methods to control the properties of carbon coatings not only by selecting the 
alloying element and varying its concentration, but also by changing the energy 
of the deposited ions and carbon atoms due to the interaction of carbon plasma 
and the ionized stream of the doping element. By varying the regimes of the 
metal plasma flow generation, one can change the energy of atoms and carbon 
ions, thereby controlling the phase composition and properties of the deposited 
coating. 

The formation of metal-carbon coatings was carried out by simultaneous 
deposition of carbon from a plasma source of a pulsed cathode-arc discharge 
with a graphite cathode and a metal from the flow generated by a magnetron 
sputtering system, as well as from an arc discharge plasma. Coatings were 
deposited on silicon substrates. Ti, Cu, were used as alloying metals which are 
chemically active to carbon.  

Synthesis of coatings was carried out by sequential performing of the 
following basic operations: cleaning and heating of the substrate using an ion 
source "Radical" (working gas – argon, PAr =10-1 Pa, current – 0,2 A, 
accelerating voltage 2 kV, solenoid current – 3 A, processing time 15 minutes); 
deposition of doped carbon coatings from a particle stream generated by a 
pulsed cathode-arc source of carbon plasma (5000 pulses, pulse repetition rate – 
20 Hz, discharge voltage 350 V) and magnetron sputtering of metal (working 
gas – argon, residual pressure – 10 -1 Pa, the discharge power is 40, 120, 200, 
280 and 400 W, the energy of argon ions is ~ 300 eV). Doping of carbon 
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coatings with metal from an electric arc discharge (EDI) plasma was performed 
with the arc current equal to 50, 60, 70, 80, 90 A. 

The phase composition of the carbon coatings was determined by analyzing 
the Raman spectra (RS) with a Senterra spectrometer with the exciting radiation 
wavelength of 532 nm and power of 10 mW. The recorded spectra were 
decomposed into D- (~ 1400 cm-1 ) and G-peaks (~ 1550 cm-1 ) by the Gauss 
method. The analysis results of are presented in Table 1. 

 
Table 1 – Parameters of Raman spectra of carbon coatings doped with 

metals from the plasma generated by a magnetron sputtering system (MSS) and 
plasma of the electric arc source (EAS).  

 
lasing regime Sample 

MSS, W EAS, А 

doping element 
concentration *, 

аt. % 

G-peak 
position*, cm -1 ID/IG

*

С – – 1562,8 0,50 
40 50 0,55/3,05 1557,0/1560,8 0,55/0,73 
120 60 0,35/3,71 1555,5/1559,2 0,69/0,84 
200 70 2,11/4,68 1555,0/1556,3 0,80/0,86 
280 80 2,41/5,41 1551,9/1558,2 0,89/0,96 

С+Ti 

400 90 2,64/7,35 1554,8/1559,4 1,01/1,01 
40 50 1,02/5,28 1555,1/1554,1 0,69/0,93 
120 60 1,43/6,32 1553,7/1555,0 0,85/1,05 
200 70 2,24/6,91 1553,6/1556,6 1,04/1,06 
280 80 4,74/7,43 1548,5/1556,1 1,48/1,08 

C+Cu 

400 90 6,35/8,45 1551,8/1557,2 0,64/1,09 
*MSS/EAS-for corresponding lasing regimes of metal plasma 

 
It is stated /8, 9/ that the increase in the ID/IG ratio and the shift of the 

corresponding peaks in the low-frequency area can be explained by the increase 
in the content of sp2 -hybridized carbon atoms. The narrowing of G-peak width, 
in its turn, is interpreted by the increase in the degree of sp2-clusters ordering 
/10/. In addition, according to formula (1) [11], the decrease in the size of sp2-
clusters also leads to the increase in the ratio ID/IG : 

ID/IG=c(λ)/La,                                                  (1) 
and with the clusters size less than 2 nm 

ID/IG=c’(λ)·La
2,                                                 (2) 

where I D and I G – the intensities of the corresponding peaks; 
c(λ) – proportionality coefficient (nm); 
c’(λ) – proportionality coefficient (nm -2); 
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La – graphite grains size (nm).  
Compared to the single-component coatings in the Raman spectra of metal-

doped layers, irrespective of the choice of the method for generating metal 
plasma fluxes and carbon coatings, the ratio of the intensities of D- and G-peaks 
varies significantly. The positions of D- and G- peaks shift to low wave 
numbers, which, with the increase in the ID /IG ratio, indicates the increase in the 
sp2 phase content and is proved by X-ray photoelectron spectroscopy /12, 13/. 
There is an increase in the ratio ID/IG, both as in the case of the increase in 
magnetron power, and with increasing arc current in the case of electric arc 
evaporation of the metal, which indicates the decrease in the size of the sp2 

clusters. In the case of doping by magnetron sputtering method with the further 
increase in the concentration up to 6,35 at. % and power up to 400 W, the ID/IG 
ratio falls, which can be explained by the increase in the number of sp2 –clusters 
with the size less than 2 nm and is proved by atomic force microscopy /13/.  

It is stated that at approximately equal concentrations of the doping element 
(Ti – 2,64/3,05 аt. %; Cu – 4,74/5,28 аt. % for MSS/EAS) the Raman spectra of 
metal-carbon coatings formed by magnetron sputtering are characterized by a 
higher ID/IG ratio (for С+Ti 1,38 times and for C+Cu 1,59 times), less width of 
G-peak (Ti – 169,8/190,8 cm- 1, Cu – 149,6/182,4 cm-1) in comparison with the 
Raman spectra of carbon coatings formed during electric arc evaporation of a 
metal. The complex of the established facts allows us to state that the metal 
alloying of carbon coatings using a magnetron contributes to the increase in the 
number and size of sp2-clusters to a greater extent than at electric arc 
evaporation. It should be noted that, regardless of the doping method used, 
copper doping of carbon coatings leads to the maximum increase in the number 
of carbon atoms with sp 2-conjugated bonds.  

In the majority of cases, close ID /IG ratios for different doping methods are 
observed for different doping metal concentrations in the coating. In both 
methods of plasma doping, when the technological regimes are changed (the 
increase of the magnetron power and arc current), the increase in the flux 
density of metal plasma particles occurs, which, in its turn, leads to the increase 
in the number of inelastic collisions between the metal and carbon particles. 
This process is accompanied by the decrease in the energy of carbon ions in the 
carbon plasma flow due to scattering on atoms and ions of the metal, which, in 
its turn, reduces the formation probability of the sp3 phase of carbon at 
deposition on the substrate. In addition, the number of ions and metal atoms 
bombarding the coating during the growth process increases. Such plasma 
treatment activates the diffusion processes in the coating, which leads to the 
appearance of sp2-clusters of smaller sizes and stimulates phase transformations 
of sp3 →sp2 due to the energy dissipation of carbon particles because of two 
plasma flow interactions. 
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The application potential of thermal plasma for the incineration of solid, 
liquid and gaseous hazardous waste is well known, /1/. In the last decades of the 
last century the environmental pollution has become a worldwide problem due 
to the significant increase of municipal, industrial (including radioactive 
materials) and hospital waste. Among these, liquid wastes with a high content of 
organic material call for greater attention due to the possibly contamination of 
the environment (by releasing wastewater effluents) to affect the health of 
humans besides unbalance the bio systems. 

There are many reactor geometries to induce chemical reactions in treated 
liquids by using plasmas with different operating principles /2/, which can be 
applied by three approaches /3/: (i) direct discharges in liquids; (ii) discharges in 
the gas phase over a liquid, including when a conductive liquid work as an 
electrode and (iii) discharges in multiphase environments (discharges in bubbles, 
or foams, sprayed liquid). 

The organic liquid waste is generally incinerated in cement plants (as 
inexpensive fuel) or in a conventional burner in a furnace, /4/. Many efforts have 
been made to find effective methods for treating liquids of various types with 
the efficient removal of contaminants and without forming greenhouse effect 
gases (dioxins or ozone depleting gases) that harm the environment. For this 
purpose, plasmas outside the thermodynamic equilibrium and thermal plasmas 
were studied /2/. 

Recently, the application of the submerged in-liquid plasma has been 
intensively studied for the treatment of liquid wastes with elevated content of 
organic material as well as for the remediation and treatment of water, /5/. 
Remediation of chemical residues, in addition to water treatment, requires the 
study of the interaction processes between plasma and liquid environment. 

Here, a plasma-chemical reactor for the treatment of liquid waste with 
elevated content of organic matter is presented. The reactor can be equipped 
with conventional air/oxygen as well as water vapor plasma torches. The 
principal advantages of the reactor are:  
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- high local temperature of the plasma jet and low temperature of the 
treated liquid, which diminishes corrosion of the reactor wall;  
- elevated quenching rate (106-107 K/s) preserves high concentration 
of radicals produced in discharge (O, OH, H, O3, H2O2, O3) to promote 
advanced oxidation processes for decontamination of aqueous 
effluents and suppress its recombination;  
- high turbulence, induced by plasma jet, contribute to intense mass 
transfer from plasma to liquid;  
- UV radiation;  
- off-gas treatment system (cooling, filtration, and 
neutralization)embedded to the reactor. 

Organic contaminants (for example in wastewater effluents) cause serious 
human health and environmental problems due to their high chemical oxygen 
demand (COD), low biodegradability, and toxicity. 

The plasma chemical reactor with the 
direct contact between plasma and solution 
is shown in Fig.1. The reactor principal 
parts are: bottom (1) and top (2)vessels, 
mist eliminator (13)and entrance to heat 
exchanger (12) to cold produced gas. The 
reactor is equipped with thermocouples 
(15). The liquid waste injected to the top of  
the reactor (10) and drained from the 
reactor bottom, passes through additional 
heat exchanger projected to maintain the 
temperature of liquid. The plasma torch is 
attached to the bottom flange (7) with the 
plasma jet injected directly to the solution, 
axially to the draft tube (8), placed above 
the torch, for many purposes: maximize the 
liquid recirculation inside the reactor, 
increase agitation between plasma gas and 
treated liquid and residence time. Thus the 
reactions occur nearly liquid-gas boundary, 
while bulk temperature of the solution 
remains relatively low. 

 
Fig. 1 - Schematic drawing of 

plasma chemical reactor 

The ability of submerged thermal air 
plasma for destruction of organic 
contaminants was investigated. A crude 
glycerol (by-product of diesel production) 
was used as contaminant. An elemental 

Table 1. Elemental analysis of 
glycerol, %m/m 

Water 15,50 
Carbon 25,80 
Hydrogen 7,73 
Nitrogen 0,20 
Oxygen 52,00 
Sulfur 1,89 
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analysis is presented in Table 1. The 
heat of combustion is 12,32 MJ/kg 
(LHV) and 13,96 (HHV). The 
experiments were carried out at arc 
current 80-150 A, arc voltage 110-
150V with plasma forming gas (air) 
flow rate of 200 l/min. The reactor 
working volume was 13 l. Thermal 
efficiency of the system was 40-50% 
for the liquid recirculation flow-rate of 
0,35 l/s. For that conditions the 
nominal temperature of the treated 
liquid was 45°C. 

The glycerol at elevated amounts 
intensely produces foam in contact 

with water. Thus in the experiments we use small amounts of contaminant so the 
foam appearance does not disturb the experiment dynamics. 
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Fig. 2 - Effect of SIE on acidity (1); 
electrical conductivity of liquid, 
mS/cm, (2); dissolved O2, mg/L 

To characterize the glycerol degradation a specific input energy (SIE), E,  

 
and a degradation efficiency, η, 

 
were defined. Here, V is the treated liquid volume;  is the reactor thermal 
efficiency; I(t) and U(t) are temporal variation of the arc current and voltage, 
respectively; ct and c0 are the Chemical Oxygen Demand(COD)at treated and 
initial conditions, respectively. 

Fig.2 shows the effect of SIE on principal characteristics of the treated 
liquid. For our working conditions, the acidity and quantity of dissolved oxygen 
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diminishes exponentially and after 800 kJ/l attain its limiting values.However, 
the electrical conductivity of liquid keep grooving. A generation of the arc 
plasma jet is unaffected by the liquid’s properties. 

Submerged thermal plasma provides direct thermal and oxidizing contact 
between plasma, oxidizing gas, and organics in solution. The Fig. 3 shows that 
after 30 min treatment (1322 kJ/l)the concentration of organic materials 
decreases up to 15% (η = 85%).All organic are decomposed significantly in the 
plasma reactor. Therefore, submerged thermal plasma has significant ability for 
organic removal from solutions. 

An overall reaction constant, k,and reaction order, n, of the glycerol 
degradation were estimated.Taking into account that the reactive species 
production rate is linearly depends on enthalpy of plasma discharge the 
degradation can be presented in the form 

 
Plotting the degradation relation logarithm versus specific input energy (see Fig. 
4) and making fitting it can be possible to obtain the values of k and n. For this 
particular case the reaction order is n=0.5 and overall reaction constant k=0.059. 

Thus the plasma chemical reactor for liquid waste treatment was developed 
and successfully tested in the treatment of water contaminated with crude 
glycerol. It was found that the energy input 1000 kJ/l permits to decay 80% of 
contaminant by effectively utilizes the low pH and high-temperature 
environment. 
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Investigation of the electrolyte-plasma polishing of implants made of 

titanium alloys have been carried out. The electrolyte composition is developed 
and treatment modes are found, which ensure low roughness, gloss and surface 
purity. It is established that electrolyte-plasma polishing of VT6 alloy leads to a 
decrease of aluminum and vanadium concentrations in the surface layer from 
7.3 and 2.1 at. % to 3.5 and 0.1 at. %, respectively. 

 
A different surface morphology of implants is required depending on their 

purpose. For example, high surface purity is needed for tooth crowns, movable 
joints of the musculoskeletal system and cases of artificial heart valves. For 
dental pins, on the contrary, a developed surface with a high roughness is 
needed, which promotes the fusion of bone tissue with the implant. To obtain 
smooth polished surfaces, various methods of mechanical, chemical and 
electrochemical polishing are traditionally used. Electrolytic-plasma polishing 
(EPP) is a promising method of treatment. EPP has several advantages over 
traditional processing methods [1]: 

– the surface cleaning and polishing take place in a single process; 
– absence of force and thermal effects on the product; 
– the use of inexpensive and low-toxic components of electrolytes. 
To date, many technical solutions have been found for the EPP of titanium 

and its alloys. Various aqueous solutions based on fluoride-containing 
compounds, such NH4BF4, Na2SiF6, KF, NH4F [2–4], are proposed for the 
polishing of titanium. Unfortunately, these electrolyte compositions are suitable 
only for EPP of titanium of grade VT1-0. In the case of VT6 and VT16 alloys, 
only partial polishing of the surface takes place, therefore, it is necessary to 
further improve the technology of EPP of titanium alloys. 

An analysis of the available information on the EPP of various metals has 
shown that additive of a complexing agent into the solution greatly affects the 
result of the treatment, especially in the case of polishing of metal alloys. 
Therefore, for EPP of titanium alloys, it is necessary to select a complexing 
agent that can effectively bind to complexes with all the metal ions (Ti, Al, V, 
Mo) contained in the processed alloys. Metal ions can form complex compounds 
with fluoride ion, EDTA (ethylenediamine tetra-acetic acid) and pyrocatechol. 
In this row, the use of pyrocatechol seems promising, since it forms the most 
stable complex compounds with all metals, in comparison with other 
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complexing agents. Since pyrocatechol forms a complex compound with 
vanadium at pH 4.7-7.0 [5], citric acid was added to the electrolyte to regulate 
its pH. Thus, the following electrolyte was developed: potassium fluoride – 
4 wt. %, ammonium fluoride – 1 wt. %, citric acid – 0.4 wt. %, pyrocatechol – 
0.4 wt. %. Based on the obtained experimental data, the developed electrolyte 
provides a good quality of surface treatment of titanium alloys. 

When the concentrations of chemical compounds in the electrolyte exceed 
those recommended, there is a significant reduction in the quality of processing 
due to the prevalence of metal etching and, as a consequence, the disappearance 
of the surface gloss. As a result, most mechanical scratches are removed, but 
pitting etching of the surface is observed because of the increased chemical 
activity of the solution. When the concentration of salts is lower, the stability of 
the process is reduced and the processing time is increased, the polishing effect 
of the surface is not fully achieved. 

For the EPP of titanium, it is necessary to maintain the temperature of the 
solution within 70–85 °C. At lower electrolyte temperature, the workpiece 
instead of polishing is heated to form a black coating on its surface. At higher 
temperatures, the electrolyte is sprayed and its chemical activity increases. As a 
result the surface remains mat. The dependences of the surface roughness 
parameter Ra on the operating voltage at different electrolyte temperatures and 
polishing time of 3 minutes are shown in Fig. 1. 

 

 
1 – 65 °С; 2 – 75 °С; 3 – 85 °С; 4 – 95 °С 

Fig. 1. Dependence of the surface roughness parameter Ra on the working 
voltage at different electrolyte temperatures. 

 
It is clear that Ra strongly depends on the electrolyte temperature Tel. The 

higher the Tel., the worse the surface is polished. In the temperature range of 65–
75 °C, the operating voltage does not affect the parameter Ra. At Tel.= 85–95 °C, 
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Ra increases with increasing the voltage at the electrodes. The obtained 
dependences are explained by the fact that during the EPP process, when the 
temperature of the electrolyte decreases, the current density at the electrodes 
increases and, consequently, the etching rate of the metal increases. For the EPP 
of titanium and its alloys, the optimum working voltage is in the range of 260–
330 V. At lower or higher operating voltages, a white-gray coating forms on the 
surface, the surface gloss disappears, and the roughness increases. 

Dependences of the surface roughness parameter Ra of samples ща 
titanium alloy VT6 on the processing time at different electrolyte temperatures 
and operating voltages of 300 V are shown in Fig. 2. As can be seen from the 
figure, the duration of the EPP process affects nonlinearly the surface roughness. 
For all the considered values of voltage and temperature, 90% of the change in 
Ra occurs during the first 3–4 minutes of the EPP process. Further processing 
results in a slight decrease in Ra. From the point of view of the ratio of energy 
costs and surface quality, it is advisable to carry out the EPP of titanium alloys 
for no more than 3-4 minutes. 

 

 
1 – 65 °С; 2 – 75 °С; 3 – 85 °С; 4 – 95 °С 

Fig. 2. Dependence of the surface roughness parameter Ra on the processing 
time at different electrolyte temperatures. 

 
Due to various physicochemical processes, accompanying electrolytic-

plasma polishing, the surface chemical composition is changed. The elemental 
composition of the surface layer of titanium samples treated by different 
methods, determined by X-ray photoelectron spectroscopy (XPS), is shows in 
Table 1. It can be seen from the table that along with the alloy elements (Ti, Al, 
V), oxygen is present on the initial surface due to a natural oxide film. The 
chemical treatment of titanium leads to an increase in the Al content from 7.3 to 
9.1 at. %, while for V the concentration decreases from 2.1 to 1.1 at. %. 
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Table 1. Elemental composition (at. %) of VT6 alloy surface layer. 

Эле-
мент 

Время обработки, мин 

Исходный Химическаяполировка ЭПП 

0 2,0 0,5  1,0  3,0  5,0  10,0  
Ti 16,0 13,7 17,2 16,6 17,4 16,1 17,9 
O 74,6 76,1 78,1 79,3 78,9 80,4 78,3 
Al 7,3 9,1 4,4 3,9 3,6 3,5 3,7 
V 2,1 1,1 0,3 0,2 0,1 – 0,1 

 
After EPP, the concentration of both aluminum and vanadium decreases 

from 7.3 to 3.5 at. % and from 2.1 to 0.1 at. %,. At the same time, energy-
dispersive spectral (EDS) analysis showed that concentrations of Al and V are 
close to that of initial sample (9.7 and 2.9 at. %, respectively). Taking into 
account that the depth of XPS analysis is several nanometers, and the depth of 
EDS analysis is about 1–2 μm, it can be concluded that the elemental 
composition changes only in a thin near-surface layer. Such an effect of EPP can 
be explained as follows. The composition of the electrolyte includes a 
complexing agent, which forms stable complexes with both titanium and 
aluminum and vanadium. During the treatment, all free metal ions formed on the 
surface are bound to complex compounds and removed from the region of the 
reactions to the electrolyte volume. 

Thus, as a result of the work carried out, the electrolyte composition for 
electrolytic plasma polishing was developed and treatment regimes were 
established ensuring low roughness, gloss and cleanliness of the surface of 
implants made of titanium and titanium alloys. 
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During last decades, low temperature plasma treatment has been proposed 

as an alternative route for catalysts preparation /1/. Traditional way for 
supported catalysts preparation includes three main steps: impregnation with the 
active phase, drying and activation by thermochemical. Thermochemical 
treatment includes heat treatment in either oxidizing or reducing atmosphere. As 
it is well known, the activities of supported catalysts are strongly dependent 
upon size, shape and dispersion of the active phase on the. On the other hand, 
heat treatment can cause the undesirable morphological changes on the surface 
of the catalyst, such as sintering, particle size growth etc.  To overcome this 
problem, a plasma-assisted method has been proposed for catalyst preparation 
/1/. 

In this paper, dielectric barrier discharge (DBD) plasma treatment was 
applied to modify the ZnO-based photocatalyst impregnated with silver 
nanoparticle (Ag-NP). Semiconductor-metal nanocomposites have widely used 
in catalysis /2/.  Effect of plasma treatment on the performance of metal doped 
photocatalysts has been also investigated /3/.Here we report a combinational 
effect of metal nanoparticles coating and plasma treatment on the performance 
of semiconductor photocatalyst. The performances of plasma-treated and 
untreated Ag-NPs impregnated ZnO-based catalysts were compared with that of 
commercially available catalysts. The catalysts were characterized by   
photoluminescence (PL) spectroscopy. The presence of silver in ZnO was 
established by inductively coupled plasma atomic emission spectrometry (ICP-
AES) technique. The MO concentration in solution was measured 
spectrophotometrically (UV-Vis spectrophotometry).     

Commercial (ECOS-1, Russia, GR pure) ZnO powder was employed as a 
catalyst support. The synthesis procedure can be divided into three parts. One is 
the preparation of colloidal suspension of silver nanoparticles in water. The 
second one was the impregnation of ZnO powders with silver nanoparticles. 
Finally, the silver impregnated catalyst was treated by plasma.  Colloidal silver 
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nanoparticles were prepared according to the method documented in reference 
/4, 5/. A certain amount of ZnO powders was introduced in an aqueous solution 
containing silver nanoparticles. The silver loading was calculated to be 1 wt%. 
Then, the excess of solution was removed by the means of evaporation at room 
temperature. The product was denoted ZnO-Ag. After drying, a half amount of 
silver impregnated catalyst was treated by  DBD plasma. This catalyst was 
marked as ZnO-Ag-DBD. The discharge was generated between a rod electrode 
( Ø: 20 mm) and a plate electrode (10x10 cm). The upper rode electrode  was 
covered by 2.0 mm quartz glass layer  and connected to a 1 kHz AC high 
voltage source, while the lower electrode is connected to earth through a resistor 
R (75 Ω) or a capacitor C (850 pF). The distance between upper electrode and 
treated sample was 4 mm. The applied voltage (peak-to-peak value) was of 35 
kV range.   The samples to be treated were located on the grounded electrode. 
Plasma treatment was carried out in air at atmospheric pressure for treatments 
times of 25 min.  The electric energy (Eel) consumed by DBD during one cycle 
of the DBD was  calculated, using voltage-versus-charge Lissajous figures /6/. 
The measured values were of the order: 35 kV peak-to-peak voltage, 6.5 
mJ/cycle energy ሺܧሻ.  As the frequency of feeding voltage was of 1 kHz, the 
electric power ܲ was calculated to be 6.5 W. Untreated ZnO powder was used 
as reference catalyst (ZnO). 

The actual contents of Ag in the catalysts samples was determined by ICP-
OES. The amount of Ag was slightly decreased after plasma treatment. The 
silver content was of 0.7 and 0.63 wt%  in untreated and DBD-plasma treated 
samples, respectively. 

For photocatalytic activity studies, 10 mg of powder sample was dispersed 
in 5 ml of aqueous solution of methyl orange with a concentration of 50 mg/L. 
The dispersion was irradiated by   UV-light using  a 240 W high-pressure Hg 
lamp (DRT-240)  with stirring. Aliquots were collected at various time intervals 
to monitor the photodegradation of dye.   In the absorption spectra of methyl 
orange water solution, there are two main peaks, one is color peak at ~465 nm, 
and another is characteristic peak of benzyl at ~192 nm. The photocatalytic 
reaction was monitored spectrophotometrically by observing absorbance of 
methyl orange at the peak absorbance wavelength (λmax =465 nm). The spectra 
were taken with UV-Vis spectrophotometer (SOLAR PB 2200, Belarus). Prior 
to the experiments, the UV-Vis spectrophotometer was calibrated in order to 
determine the linear range of the absorbance-concentration relationship.  

The rate of methyl orange decomposition (ܥ)  was calculated as  
ܥ ൌ C

Cబ
· 100% ൌ 

రలఱ


రలఱ · 100% ,                                       (1) 
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where C0 is initial concentration of dye solution, C is concentration of dye 
solution at any time t after photoirradiation, A0

465 and At
 465 are the initial 

absorption and absorption at photoirradiation time t at the λmax=465 nm. 
Prior to photocatalytic experiments, direct photolysis of MO solution was 

studied by UV-irradiation in the absence of the photocatalyst for 1 h. It was 
found no observable color removal due to direct photolysis. Dye adsorption on 
the surface of the photocatalyst was also studied. Aqueous solutions of MO 
mixed with photocatalysts were stirred in dark for 1 h to observe whether there 
was any color removal due to adsorption. The rate of non-photocatalytic 
decolorization (i.e. adsorption capacity of catalysts) was determined with respect 
to the change in intensity at 462 nm. It was found that plasma treated Ag 
impregnated catalyst (ZnO-Ag-DBD) had a higher adsorption capacity for MO 
(not  shown). Plasma treated pure ZnO catalyst exhibited a similar behavior in 
dark experiments as untreated ZnO. These results imply that Ag-NPs as dopants 
may act as active sites for pollutant adsorption on the surface of plasma treated 
catalysts. This, in turn, can facilitate the reaction of photocatalytic degradation 
of MO. 

Fig. 1 shows the result from photodegradation of MO for various ZnO-
based catalysts. The order of photodegradation efficiency of various catalysts 
was ZnO-Ag-DBD > ZnO > ZnO-Ag. The rate of MO degradation was 
improved appreciable by using plasma treated Ag-NPs loaded ZnO (ZnO-Ag-
DBD) instead of pure catalyst (ZnO). The photocatalytic activity, expressed in 
term of rate constants, was  2.9 times higher for plasma treated Ag-NPs loaded 
sample than that for pure ZnO catalyst. The rate constants (k) were found to be 
1.4·10-3 s-1 and 4.0·10-3 s-1 for pure ZnO and  Ag-NPs loaded ZnO, 
correspondently. On the other hand, a diminished catalytic activity was observed 
after impregnation of zinc oxide with Ag-NPs (ZnO-Ag). The rate constant was 
of the order of 1.3·10-3 s-1 for the ZnO-Ag sample. The decrease in catalytic 
efficiency is most likely due to a surface coverage of ZnO with Ag 
nanoparticles.  The results of the experiments imply that silver nanoparticles 
cannot be used as active sites until they are treated by DBD plasma.  Fig. 2 
shows the PL spectra of the  catalysts  with an excitation wavelength of 330 nm. 
In the PL spectra of ZnO, typically there are emission bands in the UV and 
visible regions /7/. The UV peak is a characteristic emission of ZnO. It is 
attributed to the near-band-edge (NBE) emission  through exciton-exciton 
collision processes. The emission in visible region  are dominantly considered to 
be due to electron-hole recombination caused by surface or intrinsic defects, e. 
g. zinc interstitials and oxygen vacancies.   The green PL emission at around of  
530 (deep-level emission, DL) can be originated from the oxygen vacancies 
while the violet emission  (~425 nm) can be attributed to the electronic transition 
from the defect level, corresponding to Zn interstitials, to the valence band.  As 
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can be seen from the Fig. 2, all samples exhibited two emission bands centred at 
385 and 530 nm.   The NBE-to-DL emission ratio was found to be  of 0.6 and 
0.8 for pure ZnO and for both Ag impregnated ZnO, respectively.  The increase 
in NBE-to-DL emission ratio can be attributed to the surface plasmon resonance 
effect of the Ag NPS /8/. 

Fig. 1 – Kinetics of the degradation 
of MO under UV-irradiation   

Fig. 2 – PL spectra of catalysts 

 
In conclusion, the results suggest that nonthermal  DBD plasma treatment  

is very effective way to manipulate catalyst surface properties and to enhance 
the   performance  of ZnO-based photocatalysts impregnated with silver 
nanoparticles. An approximately 3-fold improvement of the photocatalytic 
activity for decomposition of methyl orange was achived by DBD-plasma 
treatment of  ZnO powder impregnated with silver nanoparticles for 25 min. The 
results imply that Ag-NPs as dopants may act as active sites for pollutant 
adsorption on the surface of plasma treated catalysts. This, in turn, can facilitate 
the reaction of photocatalytic degradation of MO. 
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The application of plasma technologies in the preparation of catalysts is a 

developing area /1,2/. In this work, plasma treatments of ZnO-based 

photocatalysts have been conducted to study the effect of plasma characteristics 

on the performance of  catalysts. Atmospheric-pressure air plasma generated by 

dielectric barrier discharge (DBD) is applied to treat commercial available ZnO 

powders. To elucidate the plasma treatment effect, DRIFTS technique (Diffuse 

Reflectance Infrared Fourier Transform Spectroscopy) has been used for 

catalysts characterization. The photocatalytic activities of untreated and plasma 

treated ZnO powders were evaluated by measuring the photodegradatation of 

methyl orange (MO).   

A schematic diagram of the DBD plasma reactor built in-house is shown in 

Fig. 1. Electrode system was created from two metal electrodes. The bottom 

electrode was square-shaped with a side length of 100 mm. It was made of 

stainless steel and connected to the earth. As an upper electrode two types of 

electrode were used. A rode with 2 cm diameter and 10 cm length was used as a 

first-type of upper electrode. It was covered by 2.0 mm quartz glass layer mm 

and connected to an AC power source. The electrode was movable in the 

horizontal direction. A rod-plate electrode configuration is further denoted as 

DBD-RP. Second type of electrode (disk-grid, stainless steel mesh, D=98 mm) 

was glued to Petri dish. A disk-plate electrode configuration is further denoted 

as DBD-DP. The applied voltage (peak-to-peak value) was up to 35 kV. The 

distance between upper electrode and bottom one was 4 mm. Plasma was 

generated in the gap between electrodes.  The samples to be treated were located 

on the grounded electrode. The plasma treatment time varied in the range 5-

25 min. 

The electric operation parameters of DBD such as discharge voltage U, 

discharge current Id, transferred charge Q, consumed electric energy (discharge 

energy) Eel were estimated as described  in /3/.  For the degradation experiments, 

the absorption spectra were recorded and rate of decomposition of MO (Cr(t) ) 
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was observed in terms of change in intensity at the peak absorbance wavelength 

λmax, i.e., 465 nm, for maximum sensitivity. 

 

 
Fig. 1 –  Experimental setup for voltage, current and charge transfer 

measurements   
 

Diffuse reflectance infrared Fourier transform (DRIFT) spectra of   samples 

were recorded on a Nicolet NEXUS FT-IR Spectrometer (Triad Scientific, 

USA)   in the range of 400 to 4,000 cm
−1

 at room temperature. 

 Fig. 2a and b show waveforms of the voltage applied to the reactor U(t) 

and the associated discharge current I(t) for the DBD-RP and DBD-DP electrode 

configurations, respectively. Fig. 2c and d depict the Lissajous figure to be used 

for calculation of the electric energy (Eel) consumed by DBD  for the DBD-RP 

and DBD-DP electrode configurations, respectively.  

The  consumed energy Eel was found to be 6.5 and 10.6 mJ for the DBD-RP 

and DBD-DP electrode configurations, respectively. 

Fig. 3 shows the results from photodegradation of MO for ZnO-based 

catalysts  treated for 25, 15, 10 and 5 min (catalysts ZnO DBD_RP_25_1, ZnO 

DBD_DP_25_1 ZnO DBD_DP_15_1, ZnO DBD_DP_10_1, ZnO 

DBD_DP_05_1, ZnO DBD_DP_05_500) by DBD plasma with an applied 

frequencies of 1 kHz (catalysts ZnO DBD_RP_25_1, ZnO DBD_DP_25_1 ZnO 

DBD_DP_15_1,  ZnO DBD_DP_10_1, ZnO DBD_DP_05_1)  and 500 Hz ( 

catalyst ZnO DBD_DP_05_500) .  

It can be clearly seen from the Fig. 3, that plasma treatment at Eel =6.5 and 

10.6 mJ for 25 and 15 min resulted in similar activity of catalysts.  For DBD-DP 

plasma with Eel =10.6 mJ and applied frequency of 1 kHz, decrease in treatment 

time from 25 to 5 min led to enhancement of catalysts performance. Further 

decrease in effective energy consumed by sample (i.e. plasma treatment for 5 

min with Eel =10.6 mJ and applied frequency of 500 Hz) resulted in decrease in 

catalytic activity.   

Fig. 4 shows the DRIFT spectra of untreated and plasma treated 

photocatalysts.  There appeared some new peaks around 3570, 3604, 3481, 3442         

2412 , 1637, 1760 and 1780 cm
-1

 after plasma treatment.  For the double band at 
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approximately 1400 cm
-1

, there were also some changes in peak form. 
(a) 

   

(b) 

  
(c) 

 

(d) 

  

Fig. 2 – Voltage-current waveform (a, b), and Q-V Lissajous figure (c,d) 

     

 
Figure 3  Kinetics of the 

degradation of MO under UV-

irradiation 

 

 

In general, the peak intensities 

depended on the energy of DBD and 

treatment time. There was a weak 

correlation between peak area in the 

region of 1400 – 1600 cm
-1

 and activity of 

the catalysts. The catalysts activity is 

expressed as an amount of MO 

decomposed after 10 min of UV-light 

irradiation.  

In summary, the most active catalyst 

was ZnO DBD_DP_05_1. It was treated 

for 5 min in DBD plasma with energy Eel 

=10.6 mJ. A weak correlation was found 

between the performance of the catalysts 

and peak area in DRIFT spectra in the 

region of 1400 – 1600 cm
-1

. 
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(a) (b) 

 

 

(c) (d) 

  

(e) (f) 

  
 

Fig. 4 – DRIFT spectra of untreated and plasma treated ZnO-based 

photocatalysts (a-e) and peak areas in the range of 1600-1400 cm
-1

 (f) 
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Titanium oxide is the most widely researched photocatalyst. ТiO2 is an n-

type semiconductor with chemical and thermal stability, and non-toxicity to 

human beings and environment. To date, titanium oxide  is considered to be the 

best photocatalytic material for the photodegradation of organic contaminants. A 

wide variety of organic pollutants are introduced into the environmental  

because  of  the disposal of industrial wastes into the water /1, 2/.  One of the 

major source of these pollutants is the waste rising from the industrial processes, 

which utilizes dyes to color fibers, paper and plastic. In the industry, a 

substantial amount of dyestuff are azo dyes /2/.  Azo dyes are supposed to be 

carcinogens  because they can be decomposed to amines /2/. Therefore 

decomposition of azo dyes has an important environmental significance. TiO2 

not only degrades organic compounds  including organic dyes but also 

mineralizes them to CO2, H2O and mineral acids  /1-3/.   

Despite the many known advantages of using TiO2, it suffers from the 

shortcoming of having a low efficiency in visiable range  and narrow light 

response range. Titanium oxide has a large band gap (~3.2 eV) which restricts 

its use to the ultraviolet region. Since more than 40% of solar energy consists of 

visible light, it is more suitable to use visible light than UV light /4/. Therefore, 

new methods should be developed to overcome these problems. The 

photosensitization is considered to be a promising method to extend the light 

absorption /3, 5, 6/. It was shown that meso-tetraphenyl metalloporphyrins (Fe, 

Co, Mn and Cu) adsorbed on TiO2 were efficient for the degradation of MO 

aqueous solution under visible and ultraviolet  (UV) light irradiation /4/. 

Porphyrin-photosensitizers were found to be efficient for the degradation of 4-

nitrophenol (4-NP) and atrazine under visible light irradiation /5, 6/. 

In previous work /7/, the performance of Ru dye sensitized TiO2 

nanopowders was tested for photocatalytic H2 evolution. An insufficient 

catalytic activity was observed after impregnation of TiO2 with Ru dye as a 

result of poor bonding of the dye molecule to the surface of the nanopowders 

and self-aggregation of the dye. The performance of the catalysts was improved 
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by the encapsulation of the Ru dye-TiO2 assembly in a polyamine layer 

anchored to titanium oxide. 

  In this study, the polymer-capped Ru sensitised TiO2 nanopowders   were 

employed for photocatalytic degradation of methyl orange (MO). MO was 

chosen as a model compound as it belongs to one of the most important classes 

of commercial azo dyes and is widely used in the printing and textile industries 

and chemical laboratories /8/.  

TiO2 anatase nanopowder (Aldrich, < 25 nm, 99.7%) was used as the 

photocatalyst powder. A Ru dye solution (0.3 mM) was prepared by dissolving 

commercially available N3 (C26H16N6O8RuS2, Aldrich) in absolute ethanol with 

stirring overnight at room temperature to ensure the complete dissolution of all 

solids. The dye solution was then adsorbed onto the surface of the anatase 

nanopowder with stirring at room temperature for 24 h. In the final step, the 

solvent was evaporated and the sample was dried at 60° C. The plasma polymer 

coatings were deposited onto both pure and N3 impregnated TiO2 anatase 

nanopowder using a low-pressure RF plasma polymerization process with allyl 

alcohol as precursor and argon as carrier gas. A rotating drum reactor ‘Piccolo’ 

(Plasma Electronic GmbH, Neuenburg) was used as device for plasma polymer 

deposition. The following process parameters have been set: RF plasma power 

300 W, 13,56 MHz, deposition time 15 min, gas composition 20 sccm Ar and 

approx.1,5 sccm allyl alcohol, pressure 15 Pa. 

The catalytic tests were carried out by irradiating the aqueous solutions of 

MO dye containing photocatalysts with UV and visible light. For each 

experiment, 10 mg of   photocatalysts was added to 5 mL of 50 mg/l solution of 

MO. The suspension was subjected to irradiation under UV light for a fixed 

interval of time. A UV lamp (mercury vapor lamp with a quartz envelope, 240 

W, DRT-240) was used as light source. The typical UV lamp spectrum is shown 

in Figure1.  

At different time intervals, an aliquot was taken out. Then absorption 

spectra were recorded and rate of decomposition of MO ( )(tCr
 ) was observed 

in terms of change in intensity at the peak absorbance wavelength λmax, i.e., 465 

nm, for maximum sensitivity.   

%,100%100
)(

)(
465

0

465

0


A

A

C

tC
tC t

r                                         (1) 

where C0 is initial concentration of dye solution, C(t) is concentration of dye 

solution at any time t after photoirradiation, A0
465

 and At
465

 are the initial 

absorption and absorption after photoirradiation time t at the λmax=465 nm. 
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Fig. 1 –  Spectrum of UV lamp (DRT-240) 

 
 

 

Fig. 2 – Kinetics of the degradation of MO under UV-irradiation 
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Fig. 2 shows the result from photodegradation of MO for various TiO2-

based catalysts.  Bare TiO2 nanopowders is denoted as TiO2. Impregnated with 

Ru dye TiO2 nanopowders is denoted as TiO2 N3. Polymer capped Ru dye 

impregnated photoatalyst is denoted as TiO2 N3 pp. TiO2 nanopowders covered 

with polyallyalkohol layer is denoted as TiO2  pp.  

The order of photodegradation efficiency of various catalysts was TiO2  pp 

> TiO2 > TiO2 N3 pp > TiO2 N3. As can be seen in figure 2,  polymer capped Ru 

dye impregnated titania nanopowders (TiO2 N3 pp) is almost non-active. 

Approximately 86 % of MO was left after 10 min of irradiation. No further 

photodegradation of MO was observed. For polymer capped Ru dye 

impregnated photoatalyst (TiO2 N3), the value of  At
465 

increased with time. It 

might be caused by the absorbtion of Ru dye that was deleted from the surface 

of the  TiO2  nanopowders. For bare TiO2, approximatelly 99% of MO was 

degradeted after 20 min of irradiation. Covering of TiO2 with polymer layer led 

to enhancement of catalyst perfromans. For TiO2  pp catalyst, less then 0,1% of 

MO was left after 10 min of irradiation. 

Further work will be carried out to elucidate the origin of the catalytic 

activity of TiO2 nanopowders covered with polymer layer. 
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Introduction 
 

 

The cold plasma is one of the fastest emerging technologies in the food 

processing. Presently, cold plasma technology was now used for sterilization, 

functionalization, inactivation of enzymes, altering the hydrophilic/hydrophobic 

properties /1/. In order to prevent or decrease the damage caused by fungi, 

different physical or chemical methods can be used. Since some of them can 

lead to changes in the physicochemical properties of the seeds, decontamination 

of seeds without decreasing the seed or food quality is very important. Plasma 

treatment has synergistic effects as it increases germination rate, 

increase/decrease in enzymatic activity along with the microbial inactivation and 

breakdown the seed dormancy /2,3/. It is reported that grain and legume yields 

were significantly increased by cold plasma /4,5/. Carvalho /3/ showed that seed 

coating with thin films obtained by plasma polymerization protected grains and 

seeds and enhance seed germination. In additional, plasma treatment effectively 

reduces the cooking time of food products /6/. 

In this paper, the effect of plasma treatment of seeds on the infection level 

and length of winter wheat seedlings is reported. The results of seed treatment 

under different experimental conditions, using gas plasma generated under two 

different systems, atmospheric pressure plasma and low pressure plasma are 

discussed.  

Experimental 
Special experiments were carried out in laboratory conditions to study the 

efficiency of plasma processing under conditions of artificial infectious 

background.  For this, the seeds of winter wheat and oats were inoculated with a 

spore suspension of the fungus Fusarium culmorum - one of the most 

pathogenic species on the root system of cereals with a titer of 1.5 × 104 

spores/ml. Seeds were treated by the resulting suspensions, dried at room 

temperature, and then treatment by plasma. 
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The treatment of seeds by low pressure plasma (RF plasma) was carried out 

in a planar geometry capacitively coupled 5.28 MHz plasma reactor consisting 

of two plane-parallel electrodes placed in a vacuum chamber. All treatments 

were performed in air at a pressure of 200 Pa. The power density was not more 

than 0.45 W/cm3. The duration of plasma exposure was 5 and 10 min.  

In case of treatment of seeds by atmospheric pressure plasma (DBD 

plasma), the upper grid electrode with 10 cm diameter was covered by 2.0 mm 

quartz glass layer and connected to an AC power source. The lower plate 

electrode (10x10 cm) was made of stainless steel and connected to the earth. The 

distance between upper electrode and treated sample was 4 mm. The applied 

voltage (peak-to-peak value) was of 30 kV range. The applied voltage frequency 

was of 1 kHz.  The samples to be treated were located on the grounded 

electrode. Plasma treatment was carried out in air at atmospheric pressure for 

treatments times of 1 and 2 min.  

Seed germination tests and determination of infection level were carried out 

using controlled conditions in the Institute of Plant Protection. 

Results and discussion 

The results of experiments demonstrate that pre-sowing plasma treatment 

of artificially infected winter wheat seeds promote to increase in germination 

energy and decrease in the infection of seeds with fungi Fusarium spp. and 

Alternaria spp. (Fig.1,2). 

a b 

 
 

 

Fig. 1. – Germination (a) and infection level (b) of winter wheat after 

treatment of seeds by RF plasma. 

 

The fungal loads of the seeds decreased for winter wheat seeds after plasma 

treatment, depending on exposure time and source of plasma. The positive or 

negative effect depended not only on plasma exposure time but also on the 

natural germination capacity of individual plant species and also on the size of 

seeds and their surface morphology, seed coat hardness and thickness of 
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endosperm /7/. 

a b 

 
 

Fig. 2. – Germination (a) and infection level (b) of winter wheat after 

treatment of seeds by DBD plasma. 

 

Treatment by low pressure plasma leaded to improvement of morphometric 

characteristics of wheat. A significant increase in the length of sprouts and roots 

of wheat was observed for 5 min treatment (Fig. 3). Thus, influence of RF 

plasma leaded to increase in the length of sprouts and roots of wheat by 19.5 and 

13.4 mm respectively. 

a b 

  
Fig. 3. – Morphometric characteristics of winter wheat after treatment of 

seeds by RF plasma: length of sprouts (a); length of roots (b).  

 

Greater results were achieved for treatment of seeds by atmospheric 

pressure plasma. The length of sprouts and roots of wheat increased by 43.7 and 

27.9 mm respectively (Fig.4).  

These results suggest that cold plasma may be considered as alternative 

methods for disinfestations of crop seeds due to its strong potential for microbial 

inactivation and for stimulation of germination of crop seeds 
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a b 

  
 

Fig. 4. – Morphometric characteristics of winter wheat after treatment of 

seeds by DBD plasma: length of sprouts (a); length of roots (b). 

. 

Conclusions 
The results of seed treatment under different experimental conditions, using 

gas plasma generated under two different systems, atmospheric pressure plasma 

and low pressure plasma were obtained. It is shown that pre-sowing plasma 

treatment of artificially infected winter wheat seeds promote to increase in 

germination energy and decrease in the infection of seeds with fungi 

Fusarium spp. and Alternaria spp. Treatment by low pressure plasma leaded to 

increase in the length of sprouts and roots of wheat by 19.5 and 13.4 mm 

respectively. In case of treatment by atmospheric pressure plasma, the length of 

sprouts and roots of wheat increased by 43.7 and 27.9 mm respectively. 
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Introduction Thin films on the basis of nitrides of transitional metals (TM) 
are widely used as hard protective coatings in the industry. One of the most 
important properties of the coatings for their practical application is their 
resistance to high temperature oxidation. For such severe conditions, most of the 
mononitride films cease to perform their protective function. For example, TiN 
coatings are rapidly oxidized at temperatures as low as 550 °C /1/. Increase in 
their thermal stability, oxidation and wear resistance is promoted by adding 
either metallic elements (Al, Zr, Ta, etc.) or nonmetallic elements such as Si or 
C. The incorporation of Si atoms into TiN, ZrN or CrN contributes to grain size 
refinement and the formation of a nanocomposite structure (grains of TM nitride 
surrounded by an amorphous SiNx phase), resulting in modification of 
mechanical properties together with enhanced thermal stability /2-4/. Unlike the 
Ti-Si-N system, the Zr-Si-N and Cr-Si-N films are less studied. 

 

Preparation of thin films Nanocomposite ZrSiN films were grown by 
reactive magnetron sputter-deposition in a high vacuum chamber (base pressure 
< 10-5 Pa) equipped with three confocal targets configuration. Films were 
deposited on Si substrates covered with 10 nm thick thermally grown SiO2 
layer. A constant bias voltage of –60 V was applied to the substrate during 
deposition. Monolithic ZrN and Si3N4 films were also deposited as the 
reference films. 

Water-cooled, 7.62-cm-diameter Zr (99.92 % purity), Si (99.995% purity, 
p-type doped) and Si3N4 (99.99 % purity) targets, located at 18 cm from the 
substrate holder, were used under Ar + N2 plasma discharges at constant power 
mode. The Zr and Si target were operated in magnetically unbalanced 
configuration using a DC power supply, while a RF power supply was used for 
the Si3N4 target in balanced mode. The total working pressure was 0.21 Pa, as 
measured using a Baratron® capacitance gauge. The Ar/N2 flow ratio was 
optimized to obtain stoichiometric nitrogen content in the films based on earlier 
results.  

Nanocomposite ZrSiN films were deposited by co-sputtering from Zr and 
Si targets at the substrate temperature of 600 °C. The Si content in the films was 
varied by changing the DC power supply of the Si target, from 0 up to 200 W, 
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while maintaining the DC power supply of Zr targets constant. As a result, the 
coatings with Si content (CSi) ranging from 0 to 22.1 at.% were synthesized, as 
determined from elemental probe microanalysis. The total film thickness was 
∼ 300 nm. 

 
Structure and phase composition of as-deposited nanocomposite ZrSiN 

films The analysis of ZrSiN films by TEM method allowed to conclude that 
their microstructure changes from nanocrystalline columnar grains 
(0 ≤ CSi ≤ 3.2 at.%) to a dual-phase structure characterized by the presence of 
grains included into a surrounding matrix (CSi = 12.3 at.% and CSi = 17.2 at.%) 
with increasing Si content. The cross-section TEM image for the case of 
CSi = 12.3 at.% is presented in Fig. 1a. The SAED pattern, shown in the insert, 
displays well-defined rings that can be indexed as 111, 200, 220 and 311 rings 
of a cubic (Na-Cl type) structure with a lattice parameter equal to 0.465 ± 0.005 
nm, slightly higher than that of ZrN. When CSi increases up to 22.1 at. % the 
structure becomes close to amorphous (see Fig. 1b). However, the presence of 
diffuse rings indicates that short-range ordering is present for this sample 
(Fig. 1b, insert). 

5 nm‐1

311
220

200

111

a

 

b

 
Fig. 1 - Cross-sectional bright field TEM micrographs of ZrSiN 

nanocomposite films with different silicon content: (a) CSi = 12.3 at.% and (b) 
CSi = 22.1 at.%. SAED patterns are shown in the insets. 

 

Based on XPS data of the Si 2p emission lines for the ZrSiN films, the 
nature of the matrix which surrounds the ZrN grains in ZrSiN nanocomposite 
films with CSi ≥ 12.3 at.%  was clarified.  The  Si 2p  spectrum  exhibits  a  main  
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peak centered at 101.85 eV, and a
smaller one located near 98.4 eV.
These two peaks can be assigned to Si
2p3/2 and Si 2p1/2 lines of amorphous
silicon nitride (a-SiNx) compound. 
 
         The results of XRD analysis for
ZrN and ZrSiN films with different
silicon content are given in Fig. 2 (see 
lower patterns corresponding to as-
deposited state). The (111) preferred
orientation prevails for ZrN reference
film (Fig. 2a). When increasing CSi, 
the strong decrease in 111 peak
intensity and the concomitant increase
in 200 peak intensity are observed
(Fig. 2b,c). At the same time the
broadening of peaks of zirconium
nitride takes place. The crystallite size
of ZrN phase decreases from 23 nm
(ZrN film) down to 4-6 nm (ZrSiN
film with 12.3 at.% ≤ CSi ≤ 17.2 at.%) 
as it was extracted from XRD line
broadening of 200 peak using Scherrer
approximation. For ZrSiN film with
CSi = 22.1 at.% the size of the
crystalline grains cannot any longer be
estimated since it is X-ray amorphous.
 
         From the obtained results, it is
possible to infer about the formation of
ZrSiN nanocomposite films
representing bi-phase systems
consisting of a-SiNx amorphous matrix
and cubic ZrN grains included into it. 
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Fig. 2 - Evolution of XRD patterns 

under air annealing for ZrN reference 
film (a) and ZrSiN films with different 

silicon content: (b)  CSi = 12.3 at.%  
and  (c)  CSi = 22.1 at.%. 

 

Oxidation resistance of nanocomposite ZrSiN films under air 
annealing The appearance of crystalline oxide phases for ZrSiN nanocomposite 
films is revealed at higher temperatures in comparison with ZrN film (Fig. 2). 

For ZrN film, the formation of tetragonal t-ZrO2 oxide is already registered 
at the temperature of 550 °C (Fig. 2a). For ZrSiN nanocomposite films, the 
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oxidation starts at 700-780 °C (Fig. 2b-c). It should be mentioned that after 
annealing at the maximum temperature (950 °C) only t-ZrO2 phase is revealed 
in ZrSiN films composition, unlike ZrN film where m-ZrO2 phase is mainly 
present. The presence of the sole t-ZrO2 phase for ZrSiN films could reflect that 
the oxidation process is not completed for these coatings, at least in the 
oxidation temperature and time ranges investigated here. 

One can see for the ZrN
reference film a high density of
corrosion sites (Fig. 3), the presence
of which leads to a coating swelling
(Fig. 3a). The surface topography of
the air-annealed Si3N4 coating
exhibits extensive folded regions
characteristic of blistering (Fig. 3b).

ZrSiN films retain a better
surface integrity and there are no
pronounced corrosion sites after air
annealing at 950°C (Fig. 3c-d).
However, these films tend to crack
in consequence of constrained molar
volume expansion associated with
oxide formation during annealing. 

 

20 μm 50 μm

20 μm 20 μm

c)

a) b)

d)

 
 
Fig. 3 - SEM micrographs of ZrN (a) and 

Si3N4 (b) reference films and ZrSiN 
nanocomposite films with 

CSi = 12.3 at.% (c) and CSi = 17.2 at.% 
(d) after air annealing at 950 °C. 

 

Based on the obtained results one can conclude that with the increase of 
silicon content in ZrSiN films their resistance to high-temperature oxidation 
improves. However, after annealing at the maximum temperature of 950 °C, the 
cracking of these coatings occurs that interferes with retention of their protective 
properties. 
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The Research Institute of machine-building (NIIMash) in cooperation 

with the Institute of Electrophysics UD RAS (IEP) are sequentially working on 
creation of PPT and propulsion modules (PPTS) based on them for satellites. 
The work in this direction was based on the results of investigations on 
breakdown of solids and liquid dielectrics, supervised by corresponding member 
of RAS Yu. N. Vershinin /1/ using high-voltage (100-200 kV) generators of 
nanosecond pulses. The results of that works including vacuum flashover of 
Teflon in co-axial electrodes «anode centre – cathode case» gave the average 
velocity of carbon and fluorine ions’ flow in order of 100 km/s at the high-
voltage stage of formation of discharge gap overlap /2/. 

The presence of arc phase of discharge process, generating low-rate 
plasma at the final (high-current, low-voltage) stage of discharge process, was 
minimized by decreasing duration of voltage pulse from the generator and by the 
size of discharge gap. When the discharge process in gap between the electrodes 
at the initial phase propagated from anode to cathode («anode breakdown»), it 
was called as electronic detonation (by analogy with the process of explosive 
materials’ detonation) propagating in electronic subsystem of solid body. The 
detonation characteristic in this process is provided by reduction of width of 
dielectric’s forbidden band Eg  under the influence of high pressure ahead of the 
high-speed front of propagating zone of high conductivity (zone of development 
of discharge process). 

Several patents for the elaborated variants of PPT using this type of 
discharge were taken out /3/. Comparatively low power efficiency of 
nanosecond generators (30 - 40%), their substantial mass (inner volume filled 
with transformer oil), poor resistance to mechanic overload and large sizes kept 
back the construction of PPT (and PPTS based on them) having mass and size 
characteristics surpassing the present-day levels. Therefore NIIMash holds 
subsequent search of technical solutions directed to upgrading of the 
characteristics of PPT and propulsion modules. 

One of the results of this research is realized in demonstrational PPTS 
tested оn test equipment of NIIMash and IEP. It is the substitution of solid 
fluorocarbon (PTFE) as a propellant in PPT for a liquid-phase dielectric with 
low value of saturated vapors for example the vacuum oils (brands ВМ-1 or 
ВМ- 5) that were deposited in a thin layer on the surface of rotating dielectric 
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ceramic disk with ζ ≥ 200, which moves about stationary electrode system 
«anode – cathode». Such approach means elaboration of a mechanism of 
strictly dosed supply of liquid propellant (LP) to the discharge gap zone. In 
fact, lack of liquid in discharge zone causes scorching and disturbance of 
surface geometry of the mobile disk underlayer , and excess of LP leads to 
unproductive losses, provoking drops release of liquid into inter-electrode zone 
during PPT operation. To provide stable work of PPT, the thickness of LP film 
is optimized not only in inter-electrode zones, but separately in the so called 
triple point «electrode – film – underlayer». Presently this problem solution is 
plotted in the variant of construction of the system of LP supply that provides 
not only delivery (inflow) of LP to pre-discharge zone limited by electrodes 
«anode – cathode», but also reception outflow of excess liquid from after-
discharge zone. This technical solution (Fig. 1) is based on the introduction of 
double-channel pump of peristaltic type having a common electric rotation 
supply with the mobile solid ceramic disc as base, into the system of LP 
supply. This allows synchronizing of ceramic surface movement with the rate 
of supply of reaction substances (propellants). In this variant, elastic pipes of 
the pump are filled with wettable material of fuse type; one end of the pipe 
connected with a liquid in storage tank, and the second end contacts with the  
rotating disk underlayer for deposition (delivery) of liquid and removal of the 
excess LP /3/. The second important result of the search for constructive 
solutions of PPT is using of standard commercial high-voltage module. This 
module is loaded on capacitive energy storage based on ceramic strontium 
titanate capacitors (as the КВИ-3), on its cylindrical surface where discharge 
gaps of PPT are mounted and LP film is deposed. 

Using of ceramics with ζ ≥ 200 permitted acute (proportional to ζ) 
enhancement of charge cumulating in the zones near electrodes in discharge 
gaps increase of efficiency of the process of breakdown initiation. This 
promoted breakdown and ionizing of the gaseous products of LP outflow at 
sufficiently lower values of discharge voltage than if the discharge gap was 
formed on underlayer of usual dielectric having a low dielectric penetrability. 

By the way, such approach allowed to broaden downward the diapason of 
operating voltages for PPTS feeding from the sources on board the satellite 
down to level of 12 V without worsening the characteristics for devices. For the 
control of the ignition module a multivibrator or its adjustable analogue with of 
control pulses rates for each discharge arm till 500 Hz is used. 

The diagram of storage and LP supply to the discharge is shown on Fig.1. 
To improve the temporal characteristics and to achieve discharge current of non-
periodic form, the discharge gaps of PPT are electrically connected in daisy 
chain by analogy with multigap gas dischargers of capacitor type as applied to 
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vacuum. In multigap discharger the total time of discharge gaps overlap is 
mainly determined by the time of overlap of the first (single) discharge gap. 

 

Fig.1 – The schematic 
diagram of storage and 
supply of LP to the 
discharge gap  

1 – the surface of dielectric 
ceramic wetted by liquid 
propellant; «C – А» – cathode 
and anode of discharge gap; 2 – 
rotating ceramic underlayer; 3 – 
duct for supply of liquids to 
discharge gap; 4 – elastic 
dumpers for LP; 5 – duct for 
sucking out of excess liquid from 
discharge gap; 6 – double-
channel pump; 7 – storage tank 
for liquid propellant; 8 – rotation 
gear of  the underlayer. 

 
 
vacuum. In multigap discharger the total time of discharge gaps overlap is 
mainly determined by the time of overlap of the first (single) discharge gap. 

Measurements of electrophysical parameters of the discharge cell process 
as well as model testing were fulfilled in IEP with vacuum chamber of 2.5 m3 
volume. In the process of development of the construction, measurements of 
discharge current and voltage were done. Measurement of recoil momentum of 
plasma jet was made on torsion balances with hanging target 25 x 32 сm2 in 
size. Period of oscillations of the balances is 17 sec, inertia is 25 000 g·сm2. 
After 400 discharges during one second the angular amplitude of oscillations of 
light indicator on the scale makes 10, giving second impulse of target recoil 
75µN*s and, correspondingly, thrust about 0.18 µN*s per single discharge. 

The technical solutions introduced in this work were legalized in 
applications for a patent /4, 5/. The offered scheme allows to realize in PPT a 
discharge characteristically close to electronic-detonation type, at sufficiently 
lower levels of voltages (in order of 15-25 kV) and energies near 0.05 - 0.10 J. 

Basing on these development works, we managed to realize PPTS with 
substantially reduced mass and sizes in comparison with present analogues and 
considerably simplify the feeding and control of PPTS (Fig. 2). By the way, 
there appeared a possibility to attach rotation to whole electrode block of 
discharge gaps and organize its adjustment by thrust vector in 1800 sector /6/. 

What are the advantages of PPTS using LP concerning introduced 
constructive features over the analogues of ablation PPT type: 

____________________________________________________________________________7. Plasma applications

447



- Low level of power consumption (50 watt and less) with stable outlet 
characteristics; 

- possibility of operation of PPTS when on-board supply drops to 12 V 
without worsening of characteristics; 

 
 
Fig.2 – General view of demonstrational 

PPTS 
1 – stabilization and control block; 2 –system of 

electrodes; 3 – rotator drive for wetting of capacitors 
block и and two-channel pump of liquid propellant; 4 –
step drive for control of electrode system position; 5 –
movable double-capacitors block; 6 –rectifier unit; 7 – 
high voltage transformer; 8 – tank (container ) with liquid 
propellant; 9 –thrust module housing.  

 
 

- high velocity of products outflow (in order of 20 km/s) allows to reduce 
the reaction mass stock and the total mass of PPTS; 

- absence of noticeable heating of the constructive elements of PPTS; 
- possibility of adjustment of the thrust by means of change of operation 

frequency till 1kHz when a single thrust impulse has order of 2·10-7 N·s.  
We can forecast the use of such PPTS with total impulse of thrust till 

1000 N·s for triaxial system of orientation as a part of a cosmic apparatus. 
Mounting of two such propulsion modules on board the satellite with adjustment 
of thrust vector in 1800 sector will permit not only correction the orbit along 
three axes, but also usage of such PPTS for acceleration of cosmic apparatuses 
of classes “mini” and “micro”. 
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Abstract 
A method is proposed for the production of colloidal carbon nanoparticles in 
vacuum oil for the use as a liquid working medium of laser micromotors. 
Colloidal nanoparticles were synthesized by laser sputtering of a graphite target 
above the surface of the oil under reduced-pressure helium atmosphere. 
 
Introduction 

To control small space satellites, micromotors are required that can ensure 
stable operation at low thrust levels. This can be provided by a micromotor 
based on the evaporation of a solid or liquid working medium by laser radiation 
in a pulse-periodic mode /1/. Liquid working medium must have set of 
physicochemical characteristics: low saturated vapor density, high absorption 
coefficient at the laser generation wavelength, high wettability coefficient, 
chemical inertness, stability to degradation of the local optical density, and some 
others. A number of known substances, for example, vacuum oils, ionic liquids 
are suitable for several parameters to solve this problem, but low values of their 
optical density will not provide the necessary parameters of laser micromotors. 
One way to increase the absorption coefficient of the above substances is to add 
to them certain additives that enhance the absorption of radiation. 
 
1. Experimental 

The experimental setup (Fig. 1) for the synthesis of liquid working 
medium of laser micromotors consists of a 1 – solid LS-2137U laser with 
second and third harmonics; 2 – the radiation converter into the fourth and fifth 
harmonics; 3 – focusing lens; 4 – the vacuum chamber; 5 – cuvette with liquid 
(oils, ionic liquids, etc.); 6 – target; 7 – gas pumping and inleting systems; 8 – 
manometer. 

The design of the device ensures the movement of the target in three 
mutually perpendicular directions to focus the laser beam on its surface. The 
converter of laser radiation to the fourth and fifth harmonics is designed to shift 
the radiation frequency to the ultraviolet region, in which the light absorption 
coefficient increases for the of most materials, that enhances the synthesis 
efficiency. 
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Fig. 1 –  Experimental setup for the synthesis of colloidal nanoparticles: 1 

–LS-2137U laser with second and third harmonics; 2 – the radiation converter 
into the fourth and fifth harmonics; 3 – focusing lens; 4 – the vacuum chamber; 
5 – cuvette with liquid (oils, ionic liquids, etc.); 6 – target; 7 – gas pumping and 

inleting systems; 8 – manometer 
 
The target was placed above the surface of the liquid to which the laser 

radiation was directed. To eliminate the influence of the atmosphere on the 
formation of nanoparticles, the target and the vessel with the liquid were placed 
in a vacuum chamber. The vacuum chamber was connected to a pumping 
system. A manometer was used to control the gas pressure. Helium of high 
purity was fed into the chamber from the gas cylinder with a reducer through a 
flexible hose and a vacuum valve. A sealed current lead was provided to supply 
two micromotors with a reducer, designed to rotate the target and mix the liquid. 
The vacuum chamber was evacuated by a fore-vacuum pump to a pressure of 
0.05 Torr and was filled with helium to a pressure of 50 - 100 Torr. The laser 
radiation was directed to a graphite target through the lens and the window of 
the vacuum chamber at the angle of 45° to its surface. The erosion plasma flows 
propagated perpendicular to the target plane and were directed to the moving 
substrate covered with an oil film. Rotation of the moving platform provided the 
renewal of the oil film to prevent agglomeration of the carbon nanoparticles and 
mixing them in the cuvette. Preliminary experiments were conducted to select 
the optimal distance between the target surface and the movable substrate. The 
distance should provide a possibility to easily scan the beam along the surfaces. 
On the other hand, removal of the cuvette from the sputtered target led to a sharp 
drop in the efficiency of nanoparticles collecting, the concentration of which 
was monitored by measuring the optical density of the solution. Based on the 
results of the experiments, the optimal distance between the surface of the target 
and the movable substrate was estimated to be 12 mm so in all the following 
experiments the cuvette and the target were fixed at this distance. 
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2. Results and Discussion 

The interaction of pulsed laser radiation with a solid target leads to the 
plasma formation with rapidly changing parameters above the target surface. 
The duration of the radiating stage of laser-induced plasma is small (several 
milliseconds). Some of the condensation products are deposited on the surface 
of the liquid, forming nanosized particles whose parameters are ultimately 
determined by the thermodynamic state of the decaying plasma (its temperature, 
density of atoms and ions). The nature of the processes of nanoparticles 
nucleation and growth depends on the component composition of the laser 
plasma. One way to control the size of the formed nanoparticles is to vary the 
energy density of the laser radiation and its wavelength. The size of the 
luminous zone of the erosion plume is strongly dependent on the radiation 
power density at the target, the pressure of the inert gas, and the surface relief of 
the target. In the chosen mode of the target ablation by the fourth harmonic of 
the Nd:YAG laser with the pulse energy of 15 mJ, repetition of 10 Hz and 
exposure time of 30 min, it was found that the size of the glowing zone of the 
plume in the longitudinal direction was approximately equal to 4 mm. The 
colloidal carbon nanoparticles were prepared in vacuum oil BM-1c. 
Using the Cary-500 spectrophotometer, the optical density of the resulting 
colloidal nanoparticles in a 1-mm-thick cuvette was measured. Graphs of the 
optical density dependence on the wavelength are shown in Fig. 2. 
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Fig. 2  –  Absorption spectra of: 1) ВM-1с vacuum oil; 2) carbon 

nanoparticles in vacuum oil 3) difference spectrum 
 
Absorption of carbon nanoparticles can be substantially enhanced by their 

surface modification via introducing the functional groups having characteristic 
absorption bands at the wavelength of the ablation laser. At the generation 
wavelength of the erbium laser (1.5 μm), OH, R-H and R-NH2 radicals have 
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suitable absorption bands. Fig. 3 shows the absorption spectra of the suspension 
of carbon nanoparticles in vacuum oil obtained by adding ethylenediamine to 
the resulting solution at various concentrations. The initial concentration of 
carbon nanoparticles in the solution was reduced to prevent the absorption 
saturation. It is established that an the dependence of the optical density of 
suspensions on the operating time is linear, and the particle production rate is 5 
times higher for laser ablation at 266 nm compared to the ablation at 1064 nm 
under comparable conditions. It is shown that in order to avoid agglomeration of 
nanoparticles in the course of their formation in the gaseous phase with the 
deposition of the working substance onto the substrate surface (vacuum oils, 
ionic liquids) the stirring of the used liquid is necessary. 
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Fig. 3 –  Absorption spectra of 1) ВM-1с vacuum oil; 2) vacuum oil with 
colloidal carbon nanoparticles; 3) vacuum oil with colloidal carbon 

nanoparticles treated in ethylenediamine 
 

Conclusion 
 

The operating range of the parameters of the experimental setup for the 
synthesis of the colloids by laser ablation in a gaseous medium are determined. 
Dependences of the colloid optical density at the laser wavelength, time of 
particle production, spatial positioning of the target and the vessel with the 
liquid were studied. It is established that the method of laser sputtering of carbon 
in a gas and its deposition on the surface of a vacuum oil allows the formation of 
nanoparticles suitable for use as an working  liquid for laser micromotors. 
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Laser-induced breakdown spectroscopy (LIBS) has been a powerful and 
useful element analysis technique [1]. This method is based on using a focused 
high power laser to induce plasmas on the target surface. The spectral analysis 
of the emission lines from the luminous plasma provides the elemental 
compositions of the target. Main advantages of LIBS for elemental analysis is 
the possibility to perform rapid almost non destructive multielemental analysis 
without significant requirements for sample preparation. But the low sensitivity 
of the analysis hinders the wide dissemination of the LIBS, especially in the 
analysis of nonmetallic elements with relatively high excitation energies, such as 
carbon. 

Many methods have been developed to improve the sensitivity of LIBS, 
such as, laser dual pulses [2], combination of LIBS with laser induced 
fluorescence [3], confinement with magnetic field [4], microwave re-excitation 
[5]. However, such approaches involve complicated technical design and are 
associated with increased cost of the equipment and the measurements. Spark 
discharge (SD) has been proved to be an effective and simple way to enhance 
the signal of LIBS [6,7]. 

In this work we investigated the possibility of using LIBS-SD combination 
for the analysis of carbon in steel under air atmosphere. Resonance lines in the 
vacuum UV spectral region are ruled out for detection and monitoring of the 
carbon content in analysis specimens, the spectral line in the near IR range 
C I 909.48 nm is the best possible choice because of low intensity and 
interference with other lines of this element from the rich spectrum of iron, 
which is main component of steel. The indicated carbon line actually has the 
highest transition probability compared to the other spectral lines in the visible 
and near IR spectral regions and has a relatively low excitation energy. 

Fig. 1 shows a scheme of the experimental setup. For ablation of the 
analyte sample material, we used the YAG:Nd laser (Model LS 2134U, Lotis 
TII). The parameters of the fundamental harmonic of the laser output were: 
wavelength 1064 nm; pulse energy 100 mJ; laser pulse duration 7–8 nsec 
divergence ≤0.8 mrad. The laser emission was sharply focused by a short-focus 
lens (50 mm) onto the surface of the target under the angle - 45º. Сone-shaped 
(cone angle 30º) tungsten wire electrode of 5 mm diameter was set at a distance 
of 1.5 mm from the sample surface. The laser ablation plume seals in the electric 
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circuit containing 20 μF impulse capacitor charged to 400 V and 5 mkH 
inductor.  

 
Fig. 1 –  Scheme of experimental setup 

 
The spark discharge was triggered by laser ablated plasma. To prevent 

capacitor recharging and oscillating discharge as would occur normally in that 
circuit, a high current diode is included across the capacitor. The steel samples 
are used as a cathode in a direct current discharge. This unipolar discharge 
provides the more efficient erosion of the analyzed material and reduces the 
destruction of the electrode. The discharge pulse current and voltage in the 
discharge gap was recorded by a digital oscilloscope using a low-resistance 
shunt and a 1:870 voltage divider. The oscillograms of the current and voltage in 
the discharge gap are shown in Fig. 2.  
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Fig. 2 –  Time dependence of the discharge current (dotted) and voltage (solid) 
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The emitting plasma volume near sample surface has been 1:1 imaged by a 
lens (F=61mm) on the entrance slit of a grating (600 lines/mm) compact 
spectrometer having an aperture of 1:4.9 and a focal distance of 380 mm. A 
CCD array of 2048 pixels has been used to record the emission spectra. 

The combined LIBS-SD regime with two tungsten electrodes set at a 
distance from the sample surface was previously investigated by us for the 
analysis of nonconducting materials such as soil and cement [6,7]. We have 
demonstrated that in this mode the electric discharge does not evaporate the 
analyzed material, but only excites the material evaporated by the laser pulse, 
the main reason of the increase in the intensity of line emission in the SD-LIBS 
mode as compared with conventional single-pulse LIBS is explained by the 
extended temporal evolution of the emission and the increase in the dimensions 
of the plasma volume. Thus, a significant increase in analytical time (with CCD 
detectors) and in analytical volume is achievable. 

Since the steel is a conductive material, it is possible to connect the sample 
to be analyzed as a cathode in order to obtain additional ablation of the sample 
material by the action of an electric discharge Fig. 3. 

 
 

 
 
 

 
 
 
 
 
 

Fig.3  – Images of 1 - ablation plasma, 2 - the combined pulsed discharge-
ablation plasma, 3 – ablation crater, 4 - combined pulsed discharge-

ablation crater (250 pulses) 
 
Figure 4 shows that when an electric discharge is applied, the carbon line C 

I 909.48 becomes available for measurement and in this case in a sample of steel 
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with a high carbon content, the line intensity is much higher. Thus, it can be 
concluded that at carbon concentrations characteristic for steels, the main 
contribution to the total intensity of the CI lines 909.48, Fe II 909.51, in the 
combined LIBS-SD regime, is provided by the carbon line. 
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Fig. 4  –  Spectrum of 1 - high carbon (1.2 %) steel in laser breakdown, 2 - low 

carbon (0.15 %) and 3 – high carbon steel in combined breakdown 
 
Thus we have demonstrated a significant enhancement of spectral lines 

intensity of laser plasma with a electrical spark discharge. This enhanced plasma 
emission thereby will be helpful to improve the sensitivity of LIBS technique. 
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To date, various sources of nonequilibrium plasma of atmospheric pressure have 
been developed, promising for biomedical applications /1/. The main field of 
plasma medicine is the direct application of cold atmospheric plasma on/or in 
the human body for therapeutic purposes. /1/ Among them, a special place is 
occupied by plasma jets, which allow processing objects of various shapes and 
sizes outside the closed discharge volume. The greatest bactericidal 
effectiveness is possessed by plasma jets that are formed in a discharge in the air 
environment /2/. In this article, we present the experimental results for 
inactivation of microbiota of medical institutions microorganisms by air plasma 
jet. 
 
1. Experimental setup 

 
The cold plasma jet (Fig. 1) is formed by direct current glow discharge /4/ in air 
at atmospheric pressure. The discharge chamber is composed of cylindrical 8 mm 
quartz tube inside of which a rod copper cathode of 6 mm in diameter is 

coaxially disposed. Flat copper anode (4 mm in 
thickness) with a central hole (1.5 mm in diameter) 
is located at the tube tip. Interelectrode gap is fixed 
at 0.7 mm. Discharge is maintained by DC or ripple 
current power supply with an output voltage up to 3 
kV. A ballast resistor can be varied in the range of 
1–300 kΩ. Air flow of 5 l/min into discharge 
chamber is provided through symmetrically 
arranged holes in cathode. Plasma generated in the 
discharge is blown out with the gas through anode 
hole into surrounding air. As a result, a glow of 

plasma jet of 2-3 mm in diameter and several centimeters in length is observed 
/5/. 

  
Fig.1 – Photo of chamber 
and atmospheric pressure 

plasma jet in air 

Determination of the concentration of long-living chemically active 
species in the plasma jet is performed by IR absorption spectroscopy. In the 
absorption spectra of air jet, NO, NO2, HNO2and N2O bands are observed. Molar 
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fractions of these active species at the zone of the jet impact on the bacteria are 
40 ppm, 20 ppm, 10 ppm and 2 ppm, correspondingly. 

The suspension of microorganisms with an initial concentration of 
106•CFU/ml is deposited uniformly onto the surface of a dense undifferentiated 
nutrient medium at the inactivation of bacteria in Petri dishes. Temperature of the 
plasma jet in the bacteria exposure zone did not exceed 30°C. The effect of the 
plasma jet was evaluated by inhibition zones on Petri dishes and in the 
concentrations of surviving microorganisms determined by colony counting 
method. The identity of bacteria growth on untreated and pretreated agar plates 
by plasma jet allows us to state that inactivation occurs due plasma impact on the 
cells and not due to changes in nutrient medium properties. 

2. TREATMENT ISOLATES FROM HUMAN HABITAT OBJECTS 

 Clinically significant microbiota of medical institutions includes strains 
that have been isolated from the human habitat objects (for example, from food 
or personal care cosmetics) and strains that have been isolated directly from the 
sick person (for example, from the mucous membrane). 

In that paragraph the efficiency of plasma exposure is estimated on strains 
of the planktonic microorganisms that have been isolated from the human 
habitat objects: gram-positive Staphylococcus aureus, Bacillus subtilis, gram-
negative Escherichia coli, Pseudomonas aeruginosa, Proteus mirabilis, 
Klebsiella pneumonia, Salmonella enterica, spore Candida albicans.  

The characteristic D-times of inactivation for all cultures were different. 
Monocultures of S. aureus, P. aeruginosa, B. subtilis, Kl. pneumonia had 
approximately equal inhibition zones (after 10 minutes of exposure this zone is 
about 50% of the total area of the Petri dish) with characteristic D-times of about 
1.5 minutes. At the same time, D-times for C. albicans, Pr. Mirabilis and E. 
coli, were from 2.5 min with inhibition zones of 15-25%. The Salmonella’s 
strain exhibited the greatest resistance with D-time more than 5 minutes with an 
inhibition zone of about 5%. 

3. TREATMENT OF MEDICAL INSTITUTIONS MICROBIOTA 

 In addition to isolates taken from human habitats, we also used isolates 
taken directly from the mucous membrane of people who are chronically ill with 
pneumonia and bronchitis. These strains are highly aggressive and resistant to 
antibiotics. As samples were used isolates stains of Enterobacter cloacae, 
Escherichia coli, Klebsiella oxytoca, Klebsiella pneumoniae. 
 Samples were prepared in a similar manner (see section 1) and the 
efficiency of the plasma treatment was evaluated from the inhibition zones on 
Petri dishes. 
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Fig. 2 shows photos of the treated and untreated Petri dishes with the 
isolated strains. Petri dishes are treated for 10 minutes. 
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 Fig. 2 – Photos of treated (down) and untreated (up) Petri dishes with 
monocultures of different isolates from sick people 

 These strains are more resistant to plasma effects, in contrast to the strains 
discussed above, but they also are demonstrated an inactivation effect. The 
appearance of an inhibition zones for all the strains examined is observed, which 
occupy from 12 % (Klebsiella’s stain) to 27% (Escherichia’s stain) of the total 
area of Petri dishes after 10 minutes of plasma treatment. 
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 Fig. 3 –  Photos of treated (down) and untreated (up) Petri dishes with 

consortiums from sick people 
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Usually these strains coexist among themselves in the organism in the 
form of consortiums and/or biofilms (concentration of microorganisms is more 
than 108 CFU/ml /5/), which makes them more resistant to various irritants and 
more dangerous for the human organism. Therefore, from the strains examined 
above, 4 different microorganisms consortiums were composed: E. cloacae+E. 
coli+ Kl. pneumonia, E. coli + Kl. oxytoca +Kl. pneumonia, E. cloacae+ E. 
coli+ Kl. oxytoca, E. cloacae+ E. coli+ Kl. oxytoca+ Kl. pneumonia (Figure 3). 
These compositions are found in people with chronic diseases. The total initial 
concentrations of microorganisms in Petri dishes are 106•CFU/ml. As in the 
cases discussed above, the Petri dishes were processed for 10 minutes. After 10 
minutes, inhibition zones were formed on the treated Petri dishes.  

The sizes of the formed inhibition zones were for the consortium E. 
cloacae+ E. coli+ Kl. pneumonia – 15%, for the consortium of E. coli + Kl. 
oxytoca +Kl. pneumonia – 10%, for the consortium E. cloacae+ E. coli+ Kl. 
oxytoca – 19% and the consortium E. cloacae+ E. coli+ Kl. oxytoca+ Kl. 
pneumonia – 8% of the total area of the Petri dish. From the obtained results, it 
can be concluded that the composition of the consortium has a significant effect 
on the stability of the consortium to the plasma effect. 

Thus, it can be concluded that the air plasma jet under development is 
well suited for treatment a wide range of microorganisms, including active 
clinical epidemically significant microbiota of medical institutions. 
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Abstract:  
 

Wetting state of a surface is characterized by the contact angle (CA). A 
surface with water contact angle greater than 90o is usually referred to as 
hydrophobic, and one with water CA higher than 150o is qualified as 
superhydrophobic. Plasma technology is used in the modification of surfaces. 
Plasma cleaned surfaces have hydrophobic properties under suitible conditions. 

In this study, hydrophobicity value of SiO2 nano liquid glass was 
investigated on coated some surfaces cleaned with plasma technique and normal 
surfaces. SiO2 nano liquid glass solution was producted with sol-gel method in a 
special reactor. Nano liquid glass SiO2 solutions produced by silicon-based nano 
powder is coated on the two kind of glass surface by using spray method. Surfaces 
were coated at the room temperature in air with the different spray nozzles. Surface 
of the firsth glass is cleaned with plazma technique and other glass is not cleaned. 
Contact angle on the surface was measured by using with Drop Shape Analysis 
System contact angle meter. Scanning Electron Microscope (SEM) was used for 
investigating microstructure of the coated surfaces. Roughness of surfaces was 
investigated using Atomic Force Microscopy (AFM).  

The deposition of nanoparticles and their clusters onto the substrates provide 
high roughness, which is essential for hydrophobic properties. Contact angle 
measurements of the plasma cleaned surfaces were obtained 139-144oand 122-
127o.  

Key words: Plasma cleaning, SiO2 nano liquid glass, hydrophobic 
materials. 

 
I. Introduction: 

 
The maintenance and improvement of current properties and the creation of 

new material properties are the most important reasons for the functionalisation of 
textiles. The coating of textiles with chemically or physically modified silica sols 
with particle diameters smaller than 50 nm (“nanosols”) enables the manifold 
alteration of their physico-mechanical, optical, electrical and biological properties.  

In present, preparation techniques of water repellent fabrics have several 
methods such as coating with paraffin wax, treating fiber surface with pyridinium 
compounds, silicone resin or fluorocarbon. The fluorochemicals are at present the 
most favorable due to their excellence with respect to water repellency /1,2/. 
Typically, the water contact angles between 120° and 130° are obtainable with 
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treatment using the fluorochemicals. Surface hydrophobicity modification using 
sol–gel method has been introduced as an alternative approach /3,4/. Particular 
interest was focused on the self organization of organosilane molecules which 
creates ordered hybrid materials with hydrophobic properties. The hybrid 
inorganic–organic nanocomposite coatings were produced using sol–gel reactions 
via hydrolysis and polycondensation of hexadecyltrimethoxysilane (HDTMS), 
tetraethoxyor-thosilicate (TEOS), and 3-glycidyloxypropyl-trimethoxysilane 
(GPTMS) mixture. It was reported that the water contact angle of 141° was 
achieved. The state of superhydrophobicity defined by the water contact angle 
above 140° was contributable to two main factors; (a) change in the surface 
geometry from smooth surface to rough surface and (b) hydrophobic properties of 
roughness surface /5/. 

Wettability of surfaces with liquids is an important property of materials that 
is controlled by the chemical composition and the geometry of the surface/6/. 
Superhydrophobic surfaces that have a water contact angle �90° are attractive 
because of their importance in industrial applications/7/. Because of the minimized 
contact with water, chemical reactions or bond formation through water are limited 
for a superhydrophobic surface. Thus, various phenomena are expected to be 
inhibited on such a surface, for example, snow sticking, contamination, disease 
transmission, and current conduction. Recently, with the increasing demands 
toward functionality of materials that cannot withstand high temperatures, such as 
textiles and plastics, the control of surface wettability via low-temperature 
processing is particularly significant. Surface modification with hydrophobic 
properties using the sol–gel method has been investigated during recent years/8/. 
Although simple sol–gel reactions usually result in the formation of amorphous 
materials, self-organization of organosilane molecules offers an opportunity to 
create ordered hybrid materials with hydrophobic properties/9/. Previous studies 
have been focused on the use of fluoroalkyltrimethoxysilanes to control 
thechemical properties of surfaces, and the largest contact angle obtained for water 
has been 115°/10/. However, fluoroalkyl compounds have several economical and 
ecological disadvantages, such as high cost and potential risk for human health in 
case of skin contact and for the environment in case of emission of fluorine 
compounds during and after the coating process /11/. 

Hence, some producers have stopped their production of water-repellent 
fluorine-containing compositions during the past few years. In addition to the 
environmental hazards associated with their production and application, a high-
temperature process is usually required for their production. Therefore, the 
formation of nonfluorinated superhydrophobic surfaces at low temperatures is 
important for the fabrication of environmentally friendly coatings on substrates 
with low heat resistance. Transparency and durability of surface coatings are 
particular requirements for textiles. The durability of water-repellent coatings after 
washing, especially for those produced on cotton, remains a challenge, because a 
posttreatment is usually required to restore the hydrophobic properties /12/. 
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II. Experimental: 
 
We prepared two glass samples. One of them is cleaned with plasma 

(OptoSense).OPT-PCO-2 plasma cleaning machine is single way gas input type. 
It’s technical parameters are 1000W RF source power, 100 KHZ RF frequency, 
0.3-1.0 MPa vacuum degree and 60-600 ml/min gas flow. The other sample is 
cleaned with acidic chemicals. All samples were coated layer by layer with spray 
methods at the room temperature in air. Different spray nozzles having of 1.4, 1, 
0.8 mm used, keeping the spray gun at a working distance of 20 cm from the glass 
surfaces and fewer than 3.5 bar spray pressure. Coated samples were allowed to 
dry for 4hours, 12hours and 24hours various periods () at 50 oC in furnace.  

Contact angles were measured with a deionized water droplet of 5 μL on 
instrument at room temperature. All the contact angles and roll-off angles were 
determined by averaging values measured at 4–5 different points on each sample 
surface. Roughness of surfaces was investigated using Atomic Force Microscopy 
(Park System-100).  

The surface morphology of the treated samples was studied using a SU-1510 
Hitachi Scanning Electron Microscope was used to perform elemental analysis. All 
samples fixed to conductive adhesive tapes and gold-metallized. 

 
III. Results and Discussion: 
 
Surfaces wettability were examined by contact angle measurements. The 

contact angle pictures are seen in Fig.1. There are seen the contact angle 
picturesfor plasma cleaned sample after the SiO2 coating in Fig. 1(a) and with 
acidic cleaned sample after the SiO2 coating in Fig. 1(b). The water static contact 
angles for the hydrophobized and plasma cleaned samples range from 139° to 144° 
for a 5 μL droplet, being completely water nonwettable whereas the contact angle 
for original cotton is 0°, because water drops spread instantly when placed on the 
surface of the substrate. And for the hydrophobized and acidic cleaned samples 
range is from 122° to 127° for a 5 μL droplet, being completely water nonwettable 
whereas the contact angle for original cotton is 0°, because water drops spread 
instantly when placed on the surface of the substrate. For a 50 μL water droplet, 
the roll-off angle ranges from 5° to 11° for samples.  

When a water droplet sits on a hydrophobic glass surfaces, the wetting 
behavior can be described by the equation from Cassie and Baxter /13/ : 

 
cosθCB=flscosθ0−flv       (1) 

 
where θCB is the observed water contact angle on a rough, porous surface, θ0 

is the intrinsic water contact angle on the corresponding smooth surface, fls is the 
liquid/solid contact area divided by the projected area, and flv is the liquid/vapor 
contact area divided by the projected area. Generally, water contact angle on 
smooth surfaces cannot exceed 120° through tailoring surface chemistry. 
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(a) (b) 
 

Fig.1 –  Contact angle images  (a) Plasma cleaned sample after SiO2 coating, 
(b) Acidic cleaned sample after SiO2 coating 

 
Roughness of surfaces was investigated using Atomic Force Microscopy 

(AFM). There are seen two AFM images for each samples in Fig.2.  AFM image 
of roughness of the plasma cleaned surface is given in Fig. 2 (a) and for the other 
sample is given in Fig. 2(b). 

SEM observations have been performed in order to assess the morphology 
of the surfaces after the spray treatments. When the surfaces are layer by layer 
sprayed, their surfaces appears covered, and the silica coating appeared rough and 
grainy on the surfaces as well evidenced. In general terms, it is possible to 
conclude that the plasma cleaned samples allows the formation of a more 
homogeneous and compact coating on the glass surfaces than acidic cleaned glass 
sample.  

 

 
(a) (b) 
 

Fig. 2 – AFM images for plasma cleaned sample(a) and acidic cleaned 
sample (b) 
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Conclusion: 
 

In the present work, silica based coatings have been deposited on glass 
sufaces by layer by layer assembly. The effectiveness of layer by layer spray 
method and cleaning with plasma technique for homogeneously covering the glass 
surfaces has been assessed. 
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ABOUT MAGNETIZATION OF PARTICLES IN DUSTY PLASMA 
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Saint Petersburg State University, 199034, Universitetskaya nab., 7/9, St. Petersburg, Russia, 
e-mail: plasmadust@yandex.ru   

 
Abstract. From a fundamental point of view, it is important to understand 

how the presence of a dust component can affect the properties of the plasma in 
magnetic field. By analogy with the effect on the operation of electrical probes, 
the presence of dust particles complicates the magnetization of the plasma 
components and affects dynamics of the particles. 
The change in the characteristics of motion and diffusion of charged particles in 
a magnetic field occurs when critical values are reached by several parameters. 
When ωeτe = 1, the electron circulates around the cyclotron circle of radius and 
is considered magnetized. Under typical conditions in experiments with a 
complex plasma, ωeτe = 1 already in field of the order 10-2 T. The magnetization 
of ions depends on their type. For neon, the condition ωeτe = 1 is satisfied in 
fields of the order 2·10-1 T, and for helium of the order 5·10-2 T.  
The results of the studies of dust formations are presented with the 
magnetization of the plasma components in the lightest inert gases. For instance 
the experiment with helium is carried out in standard magnetic coils under 
reduced pressure to 0.1 Torr in the trap near the narrowing of the current 
channel. In preliminary observations, the conditions of magnetization are 
technically achieved.   

The change in the characteristics of motion and diffusion of charged 
particles in a magnetic field occurs when several parameters reach critical values 
as the magnetic induction B increases. Consider an electron whose cyclotron 
radius rce is smaller than the characteristic size of the chamber (the radius of the 
discharge tube R). When ωeτe >> 1, the electron makes a revolution or more 
along the cyclotron circle of radius eBumr eece /=  and is considered magnetized. 
Here ωe is the cyclotron frequency, τe is the time between electron collisions, 
usually with the atoms of the discharge gas, me and ue are the electron mass and 
velocity, e is the elementary charge. This magnetization condition depends on 
the ratio of the magnetic field and the gas pressure B/p. Under typical conditions 
of experiments with complex plasmas, we have ωeτe = 1 already in a field of the 
order of 10-2 T. In the presence of a dust particle of radius a, the determination 
of the magnetization becomes more complicated. As is customary in the theory 
of an electric probe in a magnetic field /1-2/, for a significant change of the 
electron flow on the collecting surface of a probe (or a dust particle), the 
condition rce = а is required. The magnetic field corresponding to this condition 
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eaumB ee /=   does not depend on the pressure. For dust particles with a size of 
10 μm, it is performed in fields of the order of 1 T.   

The criterion for the magnetization of ions depends on their type. We give 
estimates for neon. The condition ωiτi = 1 holds in fields of order 2⋅10−1 T. We 
note that the condition rci=R is satisfied at В = 10−2 T. The total magnetization of 
the ion in the complex plasma is carried out under the condition rci = a in the 
field , here meaumB ii /= i and ui are the ion mass and velocity. For dust particles 
with a size of a = 10 μm, it occurs in a magnetic field of the order of 10 T. In 
experiments this condition can be realized already today. In helium, an 
essentially smaller field B = 2.4 T is required for the magnetization of the ions. 

In dusty plasma /3-6/, the magnetization criterion can hardly be performed 
under laboratory conditions. But their presence in a multicomponent plasma 
significantly changes the criteria for the magnetization of plasma particles, 
which is reflected in the dynamics of the dust subsystem when the key values 
B = 10−2 and 1 T are attained by the magnetic field (at the appropriate gas and 
pressure), which are feasible in modern experiments. 

In the experiments conducted, dust structures were created in dust traps in a 
glow discharge in a magnetic field at low gas pressures. Dust traps were used in 
the region of a high-voltage arc formed near a dielectric insert narrowing the 
discharge current channel /8/. For the lightest inert gas of helium, standard 
magnetic coils were used to create a magnetic field /7-8/. In this case, visual 
observations and videography were made with a large optical magnification. In 
the case of using neon, the magnetic field was created by a superconducting 
magnet placed in an extended cryostat. The scheme of the experiment was 
similar to the work /9-10/. 

 

 
Fig. 1. The image of the horizontal section of the structure in the trap. Conditions: He, 

p = 0.1 Torr, i = 1.5 mA, particles MF, d = 1.1 μm. The value of the magnetic field 
corresponds to the magnetization of the ions. The horizontal image size is 3 mm. 
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Dust structures close to clusters in helium were created at a pressure 
p = 0.1 Torr in a magnetic field of 450 G, when the magnetization of helium 
ions is equal to 1. In the experiment, conditions were tested (selection of 
parameters) at which stable structures can be created. The particle arrangement 
and the particle distance were determined. An example of an image of a dust 
cluster under these conditions is given in Fig.1. 

Dust structures in neon are obtained at a higher pressure p = 0.4 Torr in a 
magnetic field of about 1 T when the magnetization of the neon ion is close to 1. 
The same parameters were determined for helium as well as the speed of 
rotation of dust formation in a magnetic field. An example of an image of a dust 
cluster under these conditions is given in Fig.2.  

 

 
 

Fig. 2. The image of the horizontal section of the structure in the trap. Conditions: Ne, 
p = 0.6 Torr, i = 1.5 mA, quartz particles. The value of the magnetic field corresponds to the 

magnetization of the ions. The horizontal image size is 7 mm. 
 
At present, these unique results are interpreted in accordance with the idea 

of dusty plasma in a magnetic field /13/. 
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1. Introduction
The electron cyclotron resonance heating (ECRH) systems launching

powerful microwave beams into the plasma volume are widely utilized for the
auxiliary heating and noninductive current drive in the current magnetic
confinement experiments and will be used in ITER. However, during the last
decade, different anomalous effects (anomalous backscattering, ion
accelerating), that are reducing heating efficiency, were observed in the ECRH
experiments at different toroidal devices [1-3], which had not been explained
within the conventional paradigm based upon the linear wave propagation and
absorption theory. For instance, theoretical model proposed recently [4] explains
the anomalous backscattering as a result of the two upper-hybrid (UH) plasmons
parametric decay (TUHPD) instability which has a very low threshold due to
nonlinearly excited plasmons, which are trapped in the vicinity of the density
maximum that accompanies the magnetic island. The theory [4] also predicts
substantial (up to 25%) anomalous absorption due to this process. This makes
important the detailed analysis of the parametric decay instabilities
accompanying the O1-mode ECRH scenario, which is planned for utilization in
ITER. The saturation regime of the low-power-threshold ordinary (O) wave
parametric decay instability leading to the excitation of a localized upper hybrid
(UH) wave and a low-hybrid wave was analyzed theoretically in [5]. In the
present work the anomalous absorption of the O-wave in plasma filament is
under investigation.

2. Experimental setup and results
Plasma filament was created in a glass tube with an internal diameter of

22 mm. The tube was passed through waveguide with cross-section 72×34 mm2

perpendicular to the wide walls and located on the axis of electromagnet (2 on
Fig. 1, a). The initial plasma was produced in argon (pressure of 1-2 Pa) under
forcing of RF power (~100 W, frequency ~27 MHz). The RF power is supplied
to the ring electrodes placed outside of the tube and disposed on both sides of
the waveguide at a distance of about 30 cm. At the maximal RF power the
averaged plasma density measured using the cavity diagnostics 6 (Fig. 1, a) is
about 1.5×1010 cm-3. It varies at the changing of the magnetic field from 0 to
45 mT by three times.
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The O-mode microwave pulses (up to 200 W) were incident onto the
plasma along the waveguide 3. Since the frequency of the launched waves f0 =
2.35 GHz is much higher than the upper hybrid (UH) and electron cyclotron
resonance (ECR) frequencies, it seems that there were no linear mechanisms of
the wave-particle interaction. The temporal behavior of the transmitted and
reflected microwave signal as well as the plasma luminosity is observed in the
experiment. The radial distribution of integral plasma emission was registered
with CCD-camera UC-14T32 and can be approximated by the function
(1 - (r/r0)2)1.6. Assuming the light intensity is proportional to the plasma density,
the maximal density in the discharge is about 2.2×1010 cm-3.

The observations of the microwave anomalous absorption are performed at
the incident power of 160 W and magnetic field about 42 mT. Full microwave
power balance is defined as following: P0 = Pt + Pr + Ph , where P0, Pt and Pr,
are incident, transmitted and reflected powers, Ph is a power irradiated through
holes in waveguide. According to experimental conditions the irradiation power
was about several watts and we do not take it into account in subsequent
experiments. It’s seen (Fig. 2, a) that at the case when plasma is switched off,
the microwave is mainly transmitted through waveguide, and envelopes for
incident, transmitted and reflected pulses are sufficiently flat. After the plasma
appearing the envelopes of reflected and transmitted pulses are sharply changed
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Fig. 2. - Waveforms of incident (1), reflected (2) and transmitted (3) pulses: a – without
plasma and with plasma at different MW power levels 160 W (b) and 100 W (c).
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5 – probing wave antenna; 6 – microwave cavity

Fig. 1. - Schematic of experimental setup (a) and photo of the plasma filament (b).
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(Fig. 2, b). The reduce of the incident wave power level leads to time delay
increase of the pump power absorption appearing (Fig. 2, c).

The dependence of inverse time of the sharp microwave absorption
appearing on the pump power level is presented in Figure 3. It is shown that the

observed microwave absorption has
threshold of about 30 W, that indicates the
nonlinearity of the phenomenon. The time
delay of the anomalous phenomenon
appearance depends on the pump power,
magnetic field and electron density of
initial plasma similarly as in [6]. Increase
of magnetic field or pressure leads to
threshold decrease.

In Figure 4, a, the plasma luminosity
time dependence from the filament axis is
presented. The absorption is accompanied
by the sharp increase of the plasma
luminosity. The plasma luminosity radial

distribution was registered at different moments during the microwave pulse
(Fig. 4, b). At the microwave pulse beginning a smooth increase of the plasma
luminosity is observed (Fig. 4, a) and it is higher on right side of radial
distribution, which is associated with collisional absorption in the plasma
filament. At the moment of a sharp luminosity increase, the distribution
becomes symmetric about the center of the plasma filament, which may be due
to decay processes of O-wave. At the end of the microwave pulse, the distortion
of the plasma luminosity is observed from right side on which microwaves
incidents on plasma column.
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The efficiency of the microwave
power absorption was determined at
external magnetic field about 43 mT
and averaged electron density in the
filament about 1.5×1010 cm-3. In the
presence of the anomalous absorption
of microwave waves, we must take into
account the power absorbed by the
plasma Pabs in the full power balance:
P0 = Pt + Pr + Ph + Pabs. Then an
absorption coefficient kabs can be
expressed as kabs = 1 – (Pt + Pr + Ph)/
P0. Absorption coefficient time

dependence calculated using experimental data is shown in Figure 5. It is close
to zero (small collisional absorption) from 0 to 3th microsecond, and reaches 30-
35% at t > 3.5 th microsecond.

CONCLUSIONS
The anomalous absorption effect of O-wave in plasma filament was

observed by means of optical and microwave diagnostics. It was shown that this
effect has a threshold nature. The threshold of the absorption has been estimated
experimentally at the level of incident power about 30 W. During the microwave
pulse, the radial profile changing of plasma luminosity was demonstrated. The
efficiency of the microwave power absorption was about 30-35%. The observed
anomalous absorption effect of O-wave in plasma filament can be connected
with parametric decay of O-mode pump wave in upper hybrid resonance and its
further study is supposed.
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