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The paper shows that upon ignition of the combined gas discharge in the resonator chamber, there appears a
double layer with diode properties that consists of layers of positive and negative charges surrounding the workpiece.
An increase in the level of microwave power supplied to the chamber leads to a decrease in the equivalent diode
resistance in open and closed modes and an increase in the current flowing through the unit. The ions of the
process gas (nitrogen or argon) ionized by the microwave field fall on the product surface and diffuse into it as a
result of the thermal diffusion process, which hardens the surface layer. The product is heated when a positive bias
potential is applied to it by a stream of high-energy electrons arriving at the surface and accelerated to energies of
tens and hundreds eV in the discharge acceleration zone. lon-plasma implantation leads to a significant increase in
the strength, wear resistance and corrosion resistance of the surface of the processed product.
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Introduction

The current picture of the development of global indus-
trial production shows that the problem of increasing the
durability of metal products for various purposes continues
to remain relevant.

The problem of life time increasing is solved through
strengthening treatment of the surface layer of work-
pieces [1-3].  Well-known methods of plasma hard-
ening treatment include: thermal hardening [4-6], ion-
plasma diffusion implantation [7-9], ion-beam hardening
treatment [10,11], MPACVD method (Microwave Plasma
Assisted CVD) deposition of polycrystalline diamond
films [12-14], allowing to change the properties of the
surface layer and facilitating increasing of itshardness.

Ion-plasma diffusion saturation of the surface layer of the
workpiece with nitrogen is called nitriding. The treated
part, which is under a negative potential ~ 0.4—1.1kV,
is immersed in a low-pressure glow discharge plasma in a
gas containing nitrogen. Positively charged atomic nitrogen
ions are accelerated in the cathode layer towards the part.
During bombardment, ions are implanted into the surface,
heating it to a temperature 500—600°C and higher, which
ensures thermal diffusion of the saturating element in the
part volume.

For chemical-thermal treatment of materials in plasma,
not only gas discharges can be effectively used, but also low-
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energy electron beams that create plasma with an energy
flux density of 1—10 W/em? [15-17].

A large number of experimental and theoretical works
relate to the consideration of the effects of glow and
microwave gas discharges on the surface of work-
pieces [18-31]. Thus, the papers [30,31] discuss the
treatment of workpieces placed near the antenna —
cathode inside a resonator chamber filled with argon at
a pressure P =40—130Pa, in a cloud of superdense
plasma wp = /Ne€%/g9Me > @, where e — elementary
electric charge, me — electron mass, @ = 1.54 - 10195~ —
oscillation frequency of microwave field created by the
magnetron.

This area of studies also includes papers [26-29], that
studied the surface hardening of treated metal samples un-
der the effect of low-temperature plasma of an asymmetric
combined gas discharge in a process unit developed by the
authors.

Samples and workpieces made of structural and al-
loy steels (45. ShKh-15, Kh16N3MAD, 40Kh, 12Kh13,
40Kh13, 12Kh18N10T, Kh12MF, R6MS5, R18), as well as
alloys (brass, D16T), including hard (tungsten and titanium-
tungsten-cobalt).

In the resonator chamber of the unit there was a weakly
ionized process gas (nitrogen, argon, or a mixture of them)
at a pressure P =200—400Pa under the simultaneous
effect of microwave field created by a magnetron with
an operating cyclic frequency o = 1.54-10%s~!, and a
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constant electric field that occurs when a constant positive
bias potential @y ~ 50—250V is applied to the workpiece.
A plasma discharge cloud was formed near the workpiece
surface. The treatment method proposed in [26-29] makes
it possible to focus microwave energy directly on the
workpiece, and in this it differs significantly from the
approach developed in [30,31]. The microwave power
usually used for treatment, amounting to Py ~ 30—150 W,
came from the magnetron along a ring waveguide through
slits into the resonator chamber. In [27,29] it was shown that
the combined discharge has a layered structure and consists
of a near-surface layer, a zone of electron acceleration to
high energies ~ 50—200 ¢V, a zone of electron deceleration
and a zone of ambipolar diffusion of electrons with ions to
the walls of the resonator chamber.

This paper shows that the acceleration zone, which
acquires a positive charge due to the fast electrons exit
from it, and the negatively charged deceleration zone form a
double layer with diode properties. The ,,diode* resistance
in closed operation mode is by 100—1000 times greater
than its resistance in open mode Rpycx > Rporw. The low
throughput capacity of the ,,diode” in the closed mode is
associated with the presence of a negative floating potential
—U; on the workpiece, which leads to the existence in
the near-surface layer of the discharge of a potential barrier
eUs that does not allow electrons with energy €. < eU; to
approach the surface, while electrons with energy &. > eUs
create a negative current |l = 0.1-10mA, compensating
the current of positive ions. In this case, the high-energy
electrons formed in the acceleration zone, accelerated by
the microwave field, move freely to the chamber walls,
creating a diffusion current I = 0.1-2 A and losing energy
in the deceleration zone, the energy is spent for excitation
and ionization of molecules or atoms of process gas
located there. Therefore, in the deceleration zone the final
dissipation of the main portion of the microwave power
supplied from the magnetron occurs.

When a positive bias potential ¢¢ is applied to the
workpiece, the height of the potential barrier decreases,
and the electron current directed to the surface increases,
reaching values | = 2—20 mA exceeding the ion saturation
current |¢ > |jo. By changing the value of the bias potential,
you can control the height of the potential barrier for
electrons, and thereby the resistance of the ,,diode” in closed
mode Rpaek.

A decrease in Ry,x leads to an increase in the supply
of high-energy electrons from the acceleration zone to the
surface of the workpiece, and thereby to increase in the
temperature of the workpiece to the values 500—600°C
and higher (up to the melting point) required for thermal
diffusion of ions in the part volume.

Thus, the method discussed in this paper can be consid-
ered a type of ion-plasma diffusion implantation, when a
combined gas discharge is used instead of a glow discharge,
and the workpiece surface is heated not due to accelerated
ions, but due to a flow of high-energy electrons.

—5* Technical Physics, 2023, Vol. 68, No. 8

The novelty of the proposed hardening approach lies
in the possibility of treating workpieces with complex
surface relief without the use of scanning devices and low
microwave discharge powers — 0.03—0.3kW, which is
achieved due to the discharge localization on the workpiece
itself. In this case, the maximum growth rate of the
thickness of the hardening layer 0.4 um/min is achieved
in areas of the surface with maximum positive curvature.
When treating metal-cutting tools such as a milling cutter,
drill, or cutter, maximum surface hardening occurs near
their cutting edges. A detailed comparison of the capabilities
of the technology proposed by the authors for applying the
hardening layer with the capabilities of applying diamond
coatings using modern MPACVD methods is carried out in
Section 3.

The main results of the effect of combined gas discharge
plasma on the surface layer of the workpiece are changes in
morphology and chemical composition. The microhardness
and density of the layer increase, and its electrical and
thermal conductivity decrease. A decrease in thermal
conductivity is of great importance for metal-cutting tools
for various purposes, for example, solid and prefabricated
cutters, since the input of excess heat into it leads to
intensification of the processes of material creep, and, as
a consequence, an increase in the rate of defects (crater and
wear chamfer) formation, leading to loss of operability.

The action on the plasma surface layer of combined
discharge leads to a significant change in its properties [29]:
strength increasing in terms of microhardness on average
by 1.5 times; wear resistance by 2—3 times, corrosion
resistance by 2—6 times and, as a result, increase in the
life time of workpieces.

The objectives of this paper are:

1) Study of the diode properties of the double layer
formed near the surface of the workpiece, formed by
the acceleration zone and the deceleration zone of the
discharge, determination of their dependence on the level
of microwave power supplied to the chamber, as well as
the possibility of these properties control by applying the
constant bias potential to the workpiece @o;

2) study of the processes occurring in a process unit
based on the analysis of its equivalent scheme with lumped
parameters;

3) finding optimal conditions for the workpiece treatment
for further improvement of the life time.

1. Equipment, methods and approaches

1.1. Brief description of process unit

The process of low-temperature plasma modification is
implemented in a special unit, which includes (Fig. 1):

— vacuum system and process gas injection system,
creating a low-pressure environment in the working cham-
ber (~ 300 Pa), in which ionization processes continuously
occur;
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Figure 1. Scheme of the unit and process of low-temperature plasma modification: / — workpiece, 2 — near-surface layer, 3 — zone
of electron acceleration, 4 — zone of electron deceleration, 5 — ambipolar diffusion zone, 6 — cathode layer, 7 — magnetron, 8§ —
autonomous filament transformer, 9 — thermocouple, /0 — photodiode, // — vacuum meter, /2 — discharge, /3 — working chamber,
14 — constant voltage source, /5 — microwave energy generator, /6 — vacuum system, /7 — gas injection system, /8 — analog-to-digital

converter, R — load resistance.

— microwave energy generator and constant voltage
source, forming ultra-high-frequency electromagnetic and
electrostatic fields in the working chamber, the interaction
of which ensures the ignition of plasma discharge directly
around the workpiece surface and the energy transfer to it
by plasma electrons and ions.

To monitor the discharge effect on the workpiece surface,
feedback channels are implemented in the unit control
system, through which signals are transmitted about the bias
current, the temperature at the workpiece end not directly
exposed to the plasma (lag temperature), the intensity
of the discharge glow and the pressure in the working
chamber. These signals are registered using a voltmeter, a
thermocouple, a photodiode and a filled-system transducer,
which display the parameters of electrical, thermal and
optical processes (Fig. 1).

A cylindrical resonator chamber of the unit with an
internal radius of walls ry,; = 7.5cm and length | = 30 cm
has frequencies of natural vibration of the form Ennp:

o) < (). o

where vmn — root with number mof the Bessel function
of order n. Substituting into (1) vy; =3.832, as well
as the dimensions of the resonator chamber, we find
w110 = 1.53 - 10'%s~! for the mode E;;o , which is close to
the cyclic frequency of the magnetron w = 1.54 - 101051,

1.2. Equivalent scheme of unit and determination
of its lumped parameters

The equivalent scheme of the work unit is shown in
Fig. 2. Let us determine the values of the main parameters
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of its elements. Section /-2 represents the magnetron,
characterized by power Ppand frequency w. Circuit 3-6
limits the equivalent scheme of the resonator chamber with
the fundamental oscillation E;g, C, L, Gyay — capacitance,
inductance, and active conductivity of the walls, respectively.
C; and C, — mutual capacitances of the workpiece and
the walls of the resonator chamber. When the discharge
occurs in the resonator chamber, a diode effect appears,
accompanied by the appearance of a double layer consisting
of layers of positive and negative charges surrounding the
workpiece (electron acceleration and deceleration zones,
respectively). In the open mode, the ,diode” lets in fast
electrons from the acceleration zone to the deceleration
zone and has a relatively low resistance Rgw.

The decrease in fast electrons in this region is constantly
replenished due to the acceleration of slow electrons in
the high-frequency electric field of the microwave discharge.
In the closed mode (workpiece potential Ap > —Uy), the
resistance of the ,,diode” Rpae is high and a small electron
current flows through the ,diode” slightly exceeding the
ionic saturation current |ie| > ij_satur-

If we draw an analogy between the double layer and the
vacuum diode, then the acceleration zone plays the role
of a cathode, and the electrons accelerated in it to high
energies are similar to the electrons leaving the cathode
due to thermionic emission. Sections 6—7 and 5-9 contain
the diode VD, corresponding to the double layer of gas
discharge, the diode resistances in open and closed modes
are Rprw and Rpack.

The scheme section 8-70 contains a constant voltage
source, the EMF of which is &, and internal resistance
r =1k , load resistance Ry and a voltmeter V. The
source is necessary to supply a constant bias potential
to the workpiece &p. If & > 0, then a constant current
| = &/(Roack + R + 1) flows through 0-6-7-8-10. Bias
potential is € = | Rpack = €Rback/(Rback + RL + ). If the
condition Ry, > Ry + 1 is met, then ¢g =~ €.

Let’s estimate the equivalent capacitance of the resonator
using the formula for the capacitance of a flat capacitor
C =&$S/l. With | =0.3m, S=0.52r2,, =8.84- 10> m?
we find C = 2.61 - 10~ 13 F, the capacitance reactance of this
capacitor is Xoc = 1/(wC) = 249 Q. Equivalent inductance
of the resonator L=1/(w?C) =1.62-10"%H, inductive
reactance X. = wL = 249 Q.

We replace the mutual capacitances of the workpiece,
which has the shape of a ball of radius R=4-10"3m,
and the chamber walls with the capacitances of spher-
ical capacitors C; =C; = 87egR=8.9-10"3F. Thus,
when connected in series, their total capacitance
Caum = C1C,/(Cy + Cy) = 4meoR is equal to the capaci-
tance of the ball of radius R = 4 - 1073 m. Values of the cor-
responding capacitance reactances Xc = 1/(wC) = 75 Q.
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1.3. Current-voltage curves of unit
and parameters of discharge acceleration
zone

The studies, the results of which are presented in this
paper, are the continuation of studies started in [29].
Previously, in [29], based on the analysis of current-voltage
curves showing the strength of constant current flowing
through the nit vs. EMF of the constant voltage source i (),
using the relationships found in [32,33], the estimates were
obtained for a number of physical parameters characterizing
the gas discharge. Values of these parameters: floating
potential Us, electron temperature Te, ion concentration nj,
average kinetic energy of electrons in the acceleration
zone g are given in the form of Table 1 [29).

2. Results

2.1. Physical processes occurring in unit

Let us use the equivalent scheme shown in Fig. 2, as
well as the current-voltage curve of the unit to analyze the
physical processes occurring in it.

The electron current on the current-voltage curve
reaches its maximum value at the microwave power level
Po = 300 W, the source EMF ¢ ~ +200V and amounts to
lep = 0.02 A, and ion saturation current at the same power
is ;0 = 0.01 A. So the relation is lgo/lio = 2. Let us further
use the well-known expressions for the electronic saturation

current:
N 1 3kgT,
0=7 NeeS) / e ° (2)

and Bohm’s formula for the ionic saturation current:

| 2kpT,
lig = 0.4n;eS n’ie. (3)

Here neand n; — electron and ion concentrations, respec-
tively, Te — electron temperature, me and my — electron
and ion masses, S — surface area of the workpiece, kg —
Boltzmann’s constant.

From (2) and (3) we find

0 =0.77,/ —. (4)

Substituting into (4) the values of the electron mass and
the argon ion mass M = 6.63-1072°kg at ne = n;, we
find 1%,/1io = k = 210, which is by more than 100 times
greater than value lg/lip =2, found from the current-
voltage curves. Thus, the workpiece surface is reached
by only one out of a hundred electrons generated in the
discharge acceleration zone, the rest electrons enter the
deceleration zone, and after passing through it they diffuse
along with the ions ambipolarly to the walls of the resonator
chamber. |3, = 105l¢ = 210l;o flows from the acceleration
zone through the deceleration zone. High-energy electrons
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Table 1. Discharge parameters determined in [29], using relations obtained in [32,33]

Microwave power Floating potential Temperature Concentration Energy
Po (W) —Us (V) of electrons Te (K) of ions nj (m™3) of electrons & (eV)

32 —130 6.85-10° 1.44 - 10" 89

119 —140 1.24 - 10° 1.21-10' 160

172 —130 1.52-10° 1.84-10' 197
225 —118 1.29 - 10° 2.41-10'" 167
275 -85 7.41-10° 2.64-10' 96
300 -35 4.06 - 10° 6.39-10' 53

accelerated by the microwave field near the surface of the
sample in the acceleration zone with distance from it will
be decelerated due to inelastic collisions with Ar atoms,
transferring them from a normal to an excited electronic
state of a discrete or continuous spectrum [27].

Microwave energy entering the resonator chamber from
the magnetron is transferred to electrons in the acceleration
zone, and with their further movement through the decelera-
tion zone, it dissipates. In the equivalent scheme (Fig. 2) we
replace the diffusion current I, with the effective value of
the active component |r = |, of some conduction current |
flowing through the resistance Ry Of diode VD so that
the active power Qg released at Rpyy coincides with the
intensity of energy loss by electrons in the deceleration zone
QR = Pe.

Let us use the data in Table 1 to estimate the power of
electronic energy losses Pe. We will assume that when the
electron moves through the deceleration zone, all its energy
&g is lost, then when current |}, flows, power is released

Pe = eleo/€. (5)

From (5) for Po=300W we find Pe=53-2.1=111.3W.
Active power released at Reow:

Qr = Pe = IzRorw. (6)
where Ir=1% =2.1A. Hence the resistance
of diode VD in Fig. 2 in open mode is

Reorw = Pe/l3 = 111.3/2.12 = 25.24 Q.

For sections 6-7 and 5-9 we use the known relationship
connecting total, active and reactive power in during parallel
connection:

P{=Qk + Q2. (7)

So, the reactive capacitive power is

Qc = /P3 — Q& = v/300% — 111.3% = 278.6J,

reactive current is Ic = /Qc/Xc = /278.6/75 = 1.93 A.
From the current-voltage curve of the wunit [29]
by the slope of the curve to the axis U we
find the resistance of the circuit section 0-6-7-10

1(2)

()4 c ?4)

(0)ui——e H L ! *—]m

(6) )

c1@RE Vbl D2V EG9C2
®)
7 9
(7 L, ©
RH
(1?0)

Figure 2. Equivalent scheme of process unit.

Reircuit = 2.7k€2. Thus, the diode resistance in closed mode
1S Rpack = Reireuit—F = 2.7—1 = 1.7kQ. The effective and
amplitude values of the voltage drop across the double
layer are U = IgrRtrw = 2.1-25.24 =53V and Uy =75V,
respectively. It mainly occurs in the discharge acceleration

Technical Physics, 2023, Vol. 68, No. 8



An investigation of the diode properties of a double layer of a combined gas discharge 1031

zone d = 1.5mm wide. The amplitude of the microwave
field strength in this zone reaches Ey = Uy/d =5 - 10* V/m.
Using the well-known formula [27,34] to estimate the
energy acquired by the electron in the microwave field, we

obtain -
— e
€ = —Eﬂz (8)
2Mede(vy + w?)
where e = 0.02 — average relative fraction of energy

transferred by the electron to the atom or molecule in
the process of elastic and inelastic collisions with them,
vg — frequency of collisions of the electron with gas atoms
(vo < W), me — electron mass, @ — magnetron frequency,
we find that € ~ 50 eV, this agrees well with the data
in Table 1. Note that the double layer is a half-wave
rectifier. The equivalent scheme contains two diodes VD
operating in antiphase. Therefore, half of the active power
Qr = Pe = 111.3] will be allocated in the section 6-7, and
half — in the section 5-9. Let us now perform similar
calculations for the power Py = 172 W. From the current-
voltage curve we find ljp = 6.3mA, the corresponding
value 13, = 210l;o = 1.32 A. Let us estimate the electron
losses using the data in Table 1: Pe = ¢ilf/e =260W,
which exceeds Po = 172 W. A similar situation occurs for
Po = 119 and 225 W. This is possible if the discharge occurs
only between the workpiece and one of the ends of the
resonator chamber. The workpiece is usually placed at a
distance of 10 cm from one and, accordingly, 20 cm from the
other end of the resonator. This means that the resistances
Riorw and Rpaex of one of the diodes, for example, in
the section 5-8, should be considered infinite, and energy
release occurs in the section 6-7 only. Accordingly, a
coefficient of 0.5 appears in the formula for the released
electronic power:

Pe=Qr = ealg/2e = 130W.
Diode resistance in open mode
Prorw = Pe/1 = 130/1.32% = 74.61 Q,

reactive power Qc = V1722 — 1302 = 112.6J, capacitive
current |l = /Qc/Xc = +/112.6/75 = 1.23 A. The diode
resistance in closed mode is found from the current-voltage
curve

Rback = Reircuit — I = 66.66 — 1 ~ 65.66 k2.

Effective value of the voltage drop on the double
layer U =1.23.74.61 =91.77V, amplitude value —
Up ~ 130 V. The amplitude of the microwave field strength
in this zone at d = 1.3 mm reaches Ey = Up/d = 10° V/m.
Using formula (8) we find e = 185¢V, which agrees well
with the data in Table 1.

Table 2 contains the main parameters characterizing the
equivalent scheme and its operation at various levels of

supplied microwave power: Qr — active power, Qc —
reactive capacitive power, | — effective value of the
active component of the current, |c — effective value
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of the reactive component of the current, Rpry — diode
resistance in open mode, Ry, — diode resistance in
closed mode, Ey — microwave field strength amplitude near
the surface of the workpiece. To complete the picture,
let us estimate the losses in the walls of the resonator
chamber. From the equivalent scheme (Fig. 2) it is
clear that the microwave potential difference is Usg = 2U,
where U — the effective value of the voltage drop across
the double layer. For Pyp = 172 W, the value is U = 91.77V,
and Usg = 2U = 183.54V. The characteristic value of the
active conductivity of hollow resonators, depending on the
specific conductivity of the wall material and the depth
of the microwave field penetration into it, is in the range
G=10"%-10"°Q~!. The power of heat losses in the
walls Py = GU526 = 0.34—-3.4 W is small compared to the
power released by electrons in the discharge deceleration
zone: Py < Pe.

2.2. Dipole gas discharge in resonator chamber

The nature of the microwave discharge occurring in
the resonator chamber significantly depends on the size
of the workpiece and its position inside the chamber,
which determine the values of electrical capacitances
Ciand C, in the equivalent circuit (Fig. 2), as well as
the lengths of the discharge gaps between the workpiece
and its ends. Typically, during treatment the position
of the workpiece is shifted from the axis of the res-
onator to its side surface so that it is in the electric
field of only one of two identical equivalent capaci-
tors C.

If the workpiece in the form of ball is located in the
electric field oscillating with amplitude Ey and frequency w,
at approximately equal distances from the ends, then it
receives dipole moment p(t) oscillating with frequency w:

p = 4750EoR’ cos(wt + ). 9)

In this case, the charges of the hemispheres change in
antiphase with the amplitude gy = C;Uj.
For Py = 275 W the value is Uy = 136V, from where we
find
qo=289-1072.136 =1.21-1071°C.

The oscillation amplitude of the ball’s dipole moment is
Po = 4/3qoR = 6.45 - 10713 C - m. In closed mode, through
the diode the following current flows

lhack = U/Rpack = 96/18.29 - 10° =5.24 - 103 A
(U =Uy/V2)
and power is released
Qback = |2, Roack = (5.24-107%)219.99 - 10* =~ 0.55W.

When bias potential ¢y > Ois applied to the workpiece,
the height of the potential barrier for electrons existing
near its surface decreases. It becomes equal to (Ui —@q)e.
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Table 2. Discharge parameters determined based on the analysis of the equivalent scheme of the process unit (Fig. 2)

Microwave Active Reactive | Active current| Reactive Resistance Resistance Strength
power power power Ir=1% current Ic | of diode in open | of diode in closed | of microwave field
Po (W) |Qr=Pe (W)|Qc (W) (A) (A) mode Rprw (£2) | mode Ryack (kS2) Ey (V/em)
32 6.5 313 0.0735 0.65 1203.20 131.33 6.9 - 10
119 63.2 100.83 0.79 1.16 101.27 81.06 9.4-10*
172 130 112.6 1.32 1.23 74.61 65.66 10°
225 133.6 181.0 1.6 1.55 52.19 5830 9.4- 10
275 124.8 245.1 1.3 1.80 73.84 19.99 7.1- 10
300 111.3 278.6 21 1.93 25.24 1.70 5-10*
The resistance of the diode Ry, decreases, and the

conductivity of the diode in the closed mode increases. The
relationship between the potential ¢y and the source EMF
is determined by Ohm’s law ¢y = ¢/ (1 +(RL+r1)/ Rback).
Assuming Ry, =0, r = 1kQ and determining the value
Reircuit = 5.49k2 from the current-voltage curve of the
unit for e =65V, we find Rp,x = 5.49—1=4.49kQ,
@o = 53.16 V. The barrier height is (Ut —¢@o)e = 31.84eV.
For the given value Rpgwe find lpack =U/Rpack
=96/4.49-10° =2.14- 1072 A and the released power
Quack = 2W. At € =~ 65V, as can be seen from the current-
voltage curve of the unit, the constant electronic current
le = 10mA also flows through the workpiece, and power
Pi =eile/e~ 1 W is released on the surface. Thus, the
useful power is Pysefy = Qpack + Pe =2+ 1 =3W.

It is obvious that the maximum transfer of elec-
tron energy to the workpiece Pys s = ;Oe_g /2e~ 62.4W
can be achieved by applying the bias potential
& =U; to the workpiece, while Rpyk = Riorw ~ 74 €2,
however, this requires a constant voltage source
with & = Ut (1 + 1 /Ruack) ~ 85(1 4+ 10%/74) ~ 1.2kV. It is

Figure 3. Dipole discharge on the metal rod with a diameter
of 6mm and a length of 95mm, located at a slight angle to
the axis of the resonator chamber in different places relative
to its ends: a — the discharge is localized only at the
end of the rod closer to the observer; b — the discharge
is localized at both ends of the rod; ¢ — the discharge
is localized only at the end of the rod, more distant from
the observer. The transition from a to b and further to ¢
occurred as the rod was transferred in parallel from the end
of the chamber (its door) closest to the observer to the far
end.

s

-

Figure 4. Electric discharge localized on the workpiece near one
of the dipole poles, at different levels of supplied microwave power,
Po:a — 119, b — 225, ¢ — 300 W.

convenient to observe various variants of the dipole dis-
charge on the workpiece in the form of a metal rod (Fig. 3).
When the workpiece approaches one of the ends of the
resonator chamber, the situation may arise when discharge
occurs only near one of the poles of the dipole (Fig. 3,4).

2.3. Structure and parameters of diode layer

A distinctive feature of the microwave discharge is the
existence of large stationary electric fields in the near-
electrode layer [35].

To estimate the magnitude of the positive charge of the
acceleration zone and the magnitude of the electric field
strength in it, we will further use Maxwell’s equation

divE =p/e (10)
and the results obtained earlier in [29]. From Table 1
we find that at the level of supplied microwave power
is Po=172W, which corresponds to the amplitude of
the microwave field strength Ep = 10°V/m (Table 2),
the average ion concentration in the acceleration zone
is nj =1.84-10“m™3. Possessing significantly greater
mobility be > by than ions, electrons, slowing down, move
towards the walls of the resonator chamber faster than ions
in the same direction during the diffusion process [36)].
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For this reason, the concentration of ions in the ac-
celeration zone exceeds the concentration of electrons
N > Ne, and the zone is charged positively. Assuming
that the plasma remains quasineutral, ie., the difference
An = |nj—ne| is small compared to ne and n;, for further
estimates we set An=0.1n; ~ 1.84- 10 m—3. Let us
determine from (10) the average electric field strength in
the acceleration zone associated with its positive charge

En eAnx _ 1.6-107"-1.84.10% - 1.3-103
T e 8.85-1012

=0.43-10° V/m. (11)

Here x = 1.3 mm — the width of the electron accelera-
tion zone, determined by the size of the purple glow region
near the surface of the treated object.

Let us further estimate the positive charge localized in
the acceleration zone

4

Q=3 7(R} — R®)Ane ~ gn(5.33 —4%).107°

x 1.84-10°-1.6-107 =1.04-1071°C, (12

where R; = 5.3 mm — radius of the outer boundary of the
acceleration zone, R = 4 mm — radius of the workpiece.

Double layer charge located from the center of the ball at
distances R< p <r

r

Q) = [ 47 wip)dp. (13)
R
Here w(p) — model function for the electric charge
density
w(p) =

AQy(p—R)(R;—p) on theassumption of R<p <Ry,
— BQy(p—R2)(R;—p) on theassumption of R;<p<R,,

0 on theassumption of R, < p,
(14)
where A, B — normalization factors that are selected in
such a way that the condition is satisfied

Ry R,

[am?wierdp = Q. [ 4t wipdp = ~Qu. (15)

R R;

Here R; — radius of the outer boundary of the acceleration
zone, R, — radius of the outer boundary of the deceleration
zone.

For the power Po=172W we find the value
A= 9200m~>, B~ 2350m~> the graph of the function
w(p)/Qo is shown in Fig. 5, it a. The dependence
h(r) = Q(r)/Qo is shown in Fig. 5, .
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The effective (average over the period) potential energy
of the electron in the electric field of the anode zone of the
discharge can be written in the form

eCAgp ox R—r
4megr P o
r

/47[,02 w(p) exp (%) dp. (16)

Weﬂv(r) = —

€Qo

dmegr

The first term in (16) determines the potential energy of
electron interaction with a charge on the workpiece surface,
the second represents the potential energy of electron
interaction with positive charge distributed with a volume
density w(p)in acceleration and deceleration zones of the
combined gas discharge. In (16) C = 4meyR — capacity
of the ball, Ap = —U; + @9 — time-averaged potential of
the product relative to the plasma, Us — floating potential
value, rp = 107> m — Debye radius, @ = 1.54 - 1010571,
R=4-10%m,m~9.1-10""kg,e=1.6-10"C. It is
obvious that the period averaged value of the microwave
potential is (@pyunr) = 0. The dependence Weg(r ), plotted in
MATHCAD, is presented in Fig. 6.

From Fig. 6 it is clear that when positive bias potential
@ois applied to the workpiece, the height of the potential
barrier for electrons existing near the surface of the
workpiece decreases, which leads to a decrease in the
resistance of the diode layer VD in closed mode Rpac-

3. Discussion

To estimate the value of the field strength Ey in the
resonator chamber, we use the relations

2 1/2
W = V- PoQo’ E, — 2PyQo ‘ (17)
2 W Vo

Here W — time-average value of electromagnetic energy
stored in the resonator, Qy — resonator quality factor,
V — resonator volume, Py — power delivered by the
magnetron, @ — cyclic frequency. From (17) for the pa-
rameter values Py =28 W,V =5-10"3m?, Qy = 1.2 - 105,
o =1.54-10s"! we find Thus, the value E; reaches
the microwave breakdown threshold Ey = E¢, = 10° V/m
of argon, which depends on pressure, frequency and
discharge volume, after which a dark discharge occurs
with small current up to 1075 A. For gas the breakdown
means transition to an ionized state. When the level of
supplied microwave power increases to Py = 32 W, a glow
appears near the workpiece surface. The current flowing
through the discharge plasma, the concentration of ions
and electrons and conductivity increase, and the electric
field strength required to maintain the given current is
Ey =6.9-10*V/m < E¢,. After ignition of the microwave
discharge the energy stored in the resonator decreases. The
field Ey is usually less than E¢, (Table 2), which is due to
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p, 103 m

7,103 m

Figure 5. Electric charge distribution in the near-electrode region of the discharge: 4 - 107> m < p < 5.3 - 107> m — positively charged
acceleration zone, 5.3-107>m < p < 7- 1073 m — negatively charged deceleration zone.
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Figure 6. Dependence Ugs(r) at microwave power level Po=172W: a Ap =—-Us =—-130V, @ =0

b —Ap = —Us +@o=—-130V+ 153V =23V, o = 153 V.

a number of reasons, including the presence in the plasma
of the formed discharge of a significant concentration of
excited atoms, as a result of which in the process of the
discharge maintenance the role of stepwise ionization and
heating of electrons due to the energy of metastable atoms
becomes essential.

Note that the largest value of the active component of
the current flowing through the unit g = 2.1 A, according
to Table 2, is achieved at the highest value of the supplied
microwave power Py = 300W, which corresponds to the
smallest value of the microwave field strength amplitude
Eo = 5- 10* V/m near the surface of the workpiece. From
Table 1 it is clear that a given level of microwave power
corresponds to the highest concentration of charged particles
in the discharge plasma nj = 6.39 - 10 m—3 and the lowest
electron energy € = 53 eV.

As Py increases, the appearance of the discharge changes
significantly. At a low level of microwave power a clear
difference is visible between the acceleration zone and
the deceleration zone of electrons (Fig. 4,a,b). The
deceleration zone is purple. As Py increases, the radius of
the plasma cloud increases, the visual distinction between
the acceleration and deceleration zones disappears, and the
color of the cloud becomes red-orange. All this indicates
both increase in the electron concentration and decrease in
their energy (Fig. 4, ¢).

The optimal level of supplied microwave power for
workpiece treatment obviously depends on the workpiece
material and its geometric dimensions and, as can be seen
from Tables 1 and 2, lies in the range Py ~ 100—250 W. At
low powers Py < 100 W too little active power is released
in the chamber Qg, and at high powers Py > 250 W with Py
increasing the share of active power Qr/P¢ decreases, and
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the share of reactive power Qc/Py increases, which leads
to instability of the magnetron and decrease in the unit
efficiency. Also, with value Py increasing there is decrease
in the average kinetic energy of electrons accelerated by the
microwave field and arriving at the workpiece surface.

The diode properties of the double layer depend sig-
nificantly on the bias potential applied to it ¢o. With an
increase in the positive value ¢yg, the height of the potential
barrier for electrons eU; that exists near the surface of the
workpiece decreases and, accordingly, the resistance Rpack
of the diode in closed operating mode decreases. When
the barrier completely disappears, for which it is necessary
to apply potential g = U;s to the workpiece, dissipation
up to 10—20% of the active power released in the unit
is possible, which contributes to surface heating up to the
melting point. Ions falling on the surface diffuse into the
volume, forming a hardened surface layer.

Parameters used for workpieces treatment in the elec-
tronic current unit: je ~ 5—40 mA/cmz, es ~50—200eV
at energy flux density ~ 1—4 W/em? and ion currents
ji ~2-5 mA/cmz, & ~ 50—100¢V. These values are very
close in value to the parameters of electron and ion beams:
je ~ 10-30mA/cm?, & ~ 50—100¢V at energy flux den-
sity ~ 3—5W/cm?, ji ~ 1-7mA/em?, & ~ 100—300eV
used in the unit described in [37]). The difference lies
in the characteristic dimensions of the treated workpieces.
The installation shown in Fig 2 is designed to treat small
workpieces with surface area up to 20cm 2 with power
consumption up to 1kW, and in the unit developed by the
authors [37] It is advisable to treat large workpieces with
surface area of up to 2000 cm?, since power of tens of kW
is consumed to create the electron beam.

The glow of the dipole discharge plasma is unevenly
distributed along the workpiece surface. Near the dipole
poles the energy density of the microwave discharge reaches
its maximum values, and the plasma has the greatest effect
on the workpiece surface. In the middle of the rod, where
the intensity of the plasma glow is low or there is no glow
at all, the workpiece surface is treated to a lesser extent.

If in the region of the dipole discharge pole the work-
piece surface has a complex relief, then the microwave
field strength lines are concentrated near areas with the
greatest positive curvature (convexities), where the surface
electric charge density is maximum o, and, consequently,
Ey = 0/&o, the energy &f ~ E02 acquired by the electron
in the microwave field (8), as well as the plasma glow
intensity reach their maximum values. Just in these areas
the largest number of high-energy electrons accelerated
by the microwave field falls per unit surface area of the
workpiece per time unit, resulting in more intense heating,
which leads to the most active process of thermal diffusion
of positive ions of the process gas inside the sample.
For example, when treating metal-cutting tools, maximum
surface hardening occurs near their cutting edges. Due to
the increased energy density of the microwave field w ~ E2
near such surface areas with microwave discharge power of
only 0.03—0.3 kW, a high growth rate of the thickness of the
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hardened layer 0.4 4 m/min is achieved. The usual treatment
time for the workpiece does not exceed 10—12 min.

For comparison, note that in the ARDIS-100 unit,
developed at the General Physics Institute of the Russian
Academy of Sciences, it is possible to deposit hardening
diamond coatings on flat or cylindrical substrates only.
The main element of the unit is the microwave resonator.
The resonator is manufactured in such a way that the
maximum energy release in the microwave discharge is
achieved near the substrate. The growth rate of the thickness
of the diamond layer is 1.75um/min at a microwave
discharge power of 3kW [14,38,39], plasma-forming gas
pressure (20% Ar, 15% CHy, 65% H,) 13 000—27 000 Pa.
A similar method of generating the microwave discharge
for the diamond films deposition is also presented in a
number of other papers, however, the growth rate of the
diamond coating in them is much lower — < 0.2 um/min,
and the microwave discharge power reaches 8 kW, which
is significantly higher than in ARDIS-100 [40-42]. For
diamond treatment of small-sized workpieces, the method
of diamond film deposition from the plasma of microwave
torch at atmospheric pressure can be used. The torch
method [14] allows you to apply a diamond coating to
the surface of objects of arbitrary shape due to the use
of object scanning devices above the torch. The work[piece
temperature is maintained by an additional heat source.

Conclusion

Thus, the following results were obtained in the paper:

1. It is shown that near the workpiece surface a double
layer appears, formed by acceleration and deceleration
zones of the gas discharge, which has diode properties. In
the open mode, when the workpiece potential is lower than
the floating potential, the ,,diode” lets in fast electrons from
the acceleration zone to the deceleration zone and has a
relatively low resistance. The decrease in fast electrons in
this region is constantly replenished due to the acceleration
of slow electrons in the high-frequency electric field of
the microwave discharge. The low throughput capacity
of the ,,diode” in the closed mode is associated with the
presence of a negative floating potential on the workpiece,
which leads to the existence in the near-surface layer of the
discharge of the potential barrier with height 35—140¢eV,
that does not allow electrons with lower energy to approach
the surface, while electrons with larger energy create
negative current compensating the current of positive ions.
When workpiece potential exceeds the floating potential, the
resistance of the ,,diode™ is high a small electron current
flows through the ,diode* slightly exceeding the ionic
saturation current.

2. The height of the potential barrier can be adjusted
by applying a constant bias potential to the workpiece.
When positive bias potential is applied, the barrier height
decreases, which leads to a decrease in the resistance of
the diode layer in the closed mode and, accordingly, to
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an increase in the influx of fast electrons to the workpiece
surface, heating it to high temperature from 500°C up to
the melting point, making possible the thermal diffusion
of ions inside the workpiece volume. Thus, there is a
significant analogy between the action of combined gas
discharge plasma on the workpiece surface and the action of
electron beam passing through the plasma. In both cases the
heating of the product occurs primarily due to the electron
energy transferred to it.

3. The increase in the microwave power supplied from
the magnetron to the resonator chamber causes an increase
in the effective values of the active and reactive components
of the currents flowing through the unit, reactive capacitive
power, as well as the concentrations of electrons and ions
in the gas discharge plasma. The resistance values of the
diode layer in open and closed modes decrease. Such
parameters as the active power released in the discharge
deceleration zone, the average kinetic energy of electrons
in the discharge acceleration zone, the amplitude of the
electric field strength near the workpiece surface reach their
maximum values in the power range Py ~ 100—250W,
which is most suitable for workpieces treatment. The
specific value of the optimal power for treatment, of course,
depends on the material, size and shape of the workpiece.

4. The workpiece located in the microwave field acquires
a dipole moment that oscillates with the field frequency.
The position inside the resonator chamber, the size and
shape of the workpiece determine the values of its mutual
capacitances with the ends of the chamber, which, in turn,
determine the nature of the resulting dipole discharge.
At the same or similar values of capacitances, which
corresponds to location near the center of the chamber, the
plasma glow is localized near both poles of the dipole. If
you move the workpiece towards one of the ends, the glow
is localized at one of its poles only.
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