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Abstract:

The paper describes a new phenomenon of the generation of the
double electrical layer above the cathode spot surface. The
neutralization of this layer leads to the reverse current of free electrons,
generated due to negative ions ionization. The negatively charged flame
of the cathode spot periodically ignites and attenuates, so the duration of
the cathode spot existence is defined by this oscillating process. The
reverse motion of the cathode spot in the longitudinal magnetic field
takes place owing to the generation of the reverse high-power
neutralization current of the double electrical layer by the electrons
appearing during the negative ions ionization in the cathode flame.
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Introduction

The vacuum plasma coatings technique is widely used for constructional
materials hardening and friction force decreasing (Baldaev, Borisov,
Vachalkin, 2007), (Mrochek, Vershina, Ivashchenko, et al, 2004),
(Grigoryants, 1989). The ion plasma technique is mainly applied for the
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vacuum plasma coatings deposition. In this case, the vacuum arc burns in the
plasma material of the cold cathode due to its discharge current sputtering.
This technique is quite complicated to be applied as it is difficult to determine
the processes taking place inside the cathode spot and which plasma
composition can occur in the cathode flames of the arc discharge.

The processes occurring inside the cathode spot were studied in
detail by (Kesaev, 1968). As a result, the fundamental characteristics of
the cathode spots were determined as well as the main directions of
further investigations. The spectroscopic investigations of the cathode
spots and the explosive processes occurring in the cathode flames were
specially investigated by Kesaev. He investigated in detail the effect
found by Shtark in 1903, where the cathode flames in the tangential
magnetic field are not deflected in accordance with Ampere’s law (even
nowadays this effect has no convincing explanation).

The problems raised by Kesaev are solved to a certain extent, but
not completely. The spectroscopic investigations of the cathode flames of
the arc and sparkle discharges were carried out by Gretchikhin together
with colleagues in the middle of the 1960s and it is shown that the
plasma generation in the cathode flames is determined by the presence
of negative ions inside the flames (Gretchikhin, Tyunina, 1967),
(Gretchikhin, Davydov, Minko, Ya, 1968 ), (Gretchikhin, 1974).

The explosive processes investigations in the cathode flames were
carried out by Mesyats with colleagues and it was found that micro explosions
can be generated inside the cathode spots on separated low-sized particles,
called ectons, (Mesyats, 2000), (Mesyats, 1993), (Mesyats, 1995).

During the vacuum plasma technique development, some new
problems appeared, such as: 1 — why there is the presence of the liquid
phase under micro explosions in the cathode spot; 2 — what processes
determine the electron energy distribution, and, consequently, why the
percentage ratio of the ions with a different degree of ionization does not
correspond to Saha equation; 3 — why the cathode flames under the
longitudinal magnetic field application do not deflect in accordance with
Ampere’s law, etc. In this regard, there is a goal to develop the model of
erosion plasma generation which could quite convincingly describe the
character of the plasma generation in the high-current vacuum arc. So,
the following actions should be taken to solve the given tasks:

- to develop the exact model of the micro explosion in the cathode
spot with regard to negative ions generation;

- to study the effect considering the cathode spot heating and liquid
phase generating;

- to find out the processes leading to the electronic component
plasma heating and to prove the percentage ions composition in the
cathode flame in accordance with experimental data; and
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- to find the cause of the reverse motion of the cathode flame in the
longitudinal magnetic field.

Therefore, we consistently considered all the raised issues as
applied to the erosion plasma of the cathode spots.

Negative ions in the explosive processes

Only the external atoms of the separate cathode material cluster are
in contact with surrounding atoms during an explosion in the cathode spot.
Cluster ionization energy is lower than 2 eV (Gretchikhin, 2008), while the
energy of the electron affinity of an atom is slightly lower (Messi, 1979).
Under the melting point, due to the tunnel-effect, the valence electrons of
the surrounding atoms and clusters transverse to the atoms of the
explosive cluster. The cluster is split onto separate free atoms in the
moment of explosion. The built-in dipole electrical moments of the free
atoms in the electric field of the cathode potential drop are lined in the field
so the positive charge is in contact with the cathode material surface. The
energetic scheme of the cluster atom interaction with the cathode surface
is shown in Fig.1. The probability of this is determined by the transparency
ratio of the potential barrier during the tunnel-effect:

na

W=—= exp[—% 2m,(E, — E, )] (1)

a

where d = r, — i, —difference between the atom radius and its covalent
radius; E, — cluster energy ionization of the cathode material; E, — energy
of the electron affinity of an atom; m, — electron mass.

As an example, the following cathode materials can be examined:
iron, titanium, and copper”.

Not all of the cluster atoms of the surface layer are directly in contact
with atoms and clusters of the surroundings. Taking this into
consideration, the general probability of the fact that titanium atoms leave
the cathode spot by means of negative ions is:

_ N, —AN

W Ly 2)

gen.
Ncl.

Here N, — general number of particles in the cluster and AN, -
number of particles of the surface layer which are not in direct contact
with surrounding atoms of the cathode material.

" The choice of these materials is explained by the difference in the crystal structure.
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Figure 1 — Scheme of the negative ions generation in the cluster explosion process:
a) — model of the cluster atoms interaction with the substrate and b) — model of the
electrical charge separation during vapor ejection after a cluster explosion
Puc. 1— Cxema 06pasoBaHus oTpuLaTeNbHbLIX MOHOB B MPOLIECCE B3pbIBa KnacTtepa:
a) — MoJenb B3aMMOoZeNCTBMSA aTOMOB Krnactepa ¢ OCHOBOW U 6) — mogenb pasgeneHnsi
3MIEKTPUYECKMX 3apsAA0B Npu BbIGpoce napa nocne B3pbiBa Knactepa
Slika 1 — Sema obrazovanja negativnih jona tokom procesa eksplozije klastera
a) — model interakcije atoma klastera sa substratom i b) — model separacije naelektrisanja
tokom izbacivanja pare nakon eksplozije klastera

For example, iron clusters have the bcc structure, where there are 9
diatomic molecules, out of which only 4 molecules are in contact with the
cathode material. The cluster radius is r,, = 3.78 A, the cluster ionization

potential - £, =1.46 eV (Gretchikhin, 2008), the negative ion potential —
E,=0.163 eV, and the difference between the atom radius and the
covalent radius is — d =r, —r, =0.455 A. On the basis of these data, the

concentration of negative iron ions in the cathode flame of the vacuum
arc is Wgen, ~ 0.261

Titanium clusters have the fcc close-packed structure, where only 9
from 13 triatomic molecules are directly in contact with the surroundings.
So only these 9 molecules are negative ions, and the cluster radius is rg,

= 4.38 A, the cluster ionization potential - E, =1.53 eV, th e negative ion
potential — £, =0.079 eV and Wge,=0.115.

Copper clusters have the fcc structure, where there are 13 triatomic
molecules, out of which only 8 molecules are in contact with particles
from the surroundings. The cluster radius is r,, = 3.84 A, the cluster

ionization potential - £, =1.633 eV (Gretchikhin, 2008), the negative ion
potential — £, =1.228 eV, and the difference between the atom radius
and the covalent radius — d =r, —r, =0.482 A. On the basis of these

data, the concentration of negative copper ions in the cathode flame of
the vacuum arc is Wyen,~ 0.150
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The passage of discharge current of the cluster length, i.e. its
diameter is:

t=2r,/v=2-r,-.J¢, /c, sec. 3)

Here ry — the minimum radius with a separate emissive cell in the
cathode spot i.e. the cluster radius, ¢ — speed of light in vacuum, and &, -

relative dielectric medium permeability.

The electric polarization theory for metals was developed by
(Gretchikhin, Physics, 2008) and the calculations were made for the
relative permeability for natrium, aluminum, iron and copper, while the
relative dielectric permeability for titanium was calculated separately and

was £~ 3.965-10". On the basis of (3), the passing time of the

electromagnetic wave through the cluster is 7 - 1.085-10™"" sec for iron,
7 = 1.84-10"" sec for titanium and 7 = 5.51-10™"" sec for copper.

This time is necessary for the cluster to absorb discharged current
energy. Since the process time is ~ (1+5)-10"" sec, the cluster
destruction process has an explosive behavior. The pressure, emerging
at the cluster explosion moment, can be calculated by the formula:

N k.T (4)

max. (2_7/01.)3 B* boil. "

Here N, — number of cluster particles multiplied by the number of
atoms in the particle. Considering the overall atoms number in the
cluster, the pressure at the cluster explosion inside the cathode spot is
1.82-10° Pa for iron, 1.98-10° Pa for titanium and 3.35-10° Pa for copper.
Such pressure values can occur during the explosive blast (Gretchikhin,
Rubleva, 2006), (Litvinskiy, 2006).

During the cluster explosion, a number of negatively charged
particles are emitted from the cathode spot®. In this case, the electric
current density of the charge separation during the flame discharge in the
cluster explosion with double electrical layer generation is:

. Nchgene (5)
=Yy ,
Jk v, Ja

where V. — the cluster volume and v, - the flame emission rate from the
cathode spot and it is determined by using the point explosion model.

2 The attention was paid to this effect in the late 19th and at the beginning of 20th century
(Kesaev, 1968).
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The shock wave rate in solids for the point explosion is determined
by the formula (Korobeinikov V. P., Melnikova N.S., Ryazanov E.V. 1961)
and (Kostenboim X.S. 1974)

2 E 1/2 1
Vohw. = g( . j 372 0 (6)

’
apc rcl.

where o’ =0.851, E; - energy emitted in the cluster during the current
discharge flow and p. — the cathode material density.
The energy emitted in the cluster is:

rd;

W, =L, 7.4, (7)
where L., — the Poynting vector, dx — the cathode spot size and 7 - the
electromagnetic wave passage time through the cathode material cluster.

On the basis of the cathode spot “autographs”, it is shown in this
work (Kesaev |I.G. 1968) that the cathode spot diameter is increased due
to arc current and film thickness. When the arc current and films
thickness are quite small, the ratio of the discharge current to the
“autograph” width is sufficiently small, and it is stabilized with a current
and film thickness increase. When the arc current and films thickness are
high, the ratio of the discharge current to the “autograph” width increases
quickly. In the first case, not all the discharge current power is used for
the film evaporation, while under the high currents and film thicknesses
the spot size significantly enlargers due to “autographs” edges melting.
Taking this into consideration, the probable “autograph” size of the

separate copper cathode spot is (1+2)-10~ m (the average value for
further evaluations is d, =1.5-10"m?®).

The cathode spot is only influenced by the arc discharge current, so
the average current density is - J, =41/ zd; .

In this case, the Poynting vector is defined by the Joule law

Lmax = JkUk’ (8)

where U, — a near-cathodic potential drop. The average values of the
near-cathodic potential drop are listed here (Kesaev, 1968) and it is quite

% Since the magnetic pressure of the current discharge is equal to the gas-kinetic pressure in
the cathode flame, then the pressure in the cathode flame at this spot diameter ~ 9.0-10° Pa.
Such a quick pressure drop in the cathode flame while exiting the cathode spot is caused by
the discharge-like “vacuum expansion”.
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convincingly shown that this potential drop coincides with first atoms
ionization potential of the cathode materials for most metals.

As a result, the flame discharge rate of the cathode flame can be
calculated by means of the point explosion model and it is 4324 m/s for iron,
4652 m/s for titanium and 7820 m/s for the copper cathode. During cathode
processes modeling of the pulsed discharge by laser, the flame discharge
rate at some distance from the surface turned out to be 3900 m/s
(Gretchikhin, Minko, 1967), while in the vacuum arc — 12.5 km/s under an
arc current of 115 A (Kesaev, 1968). The flame discharge rate was 8.8 km/s
for the iron cathode under an arc current of 142 A (Kesaev, 1968), while
these investigations were not carried out for the titanium cathode. 1968).
The found values are quite reliable and they can be used in further
calculations. Then the current density, caused by the negative ions
discharge from the cathode spots is ~ 4.6-10"2 A/m? for the titanium cathode
spot, ~ 1.37-10" A/m? for iron and ~ 1.3-10" A/m? for copper. Exactly the
same current densities were experimentally found during the ecton
explosion (cluster) (Mesyats, 2000), (Mesyats, 1993) and (Mesyats, 1995).

The energy to be transferred to the cluster to disintegrate it into
separate atoms is:

mcl.

AQ =
U

A]{boil ' (9)

where m_, - the cluster mass, u - the cathode material molar mass AH, ;, -

the sublimation heat. This energy is 1.75 eV for the iron cluster, 3.46 eV for the
titanium one and 1.92 eV for the copper one. Using these values of energy, it
is possible to determine the maximum current density which leads to the
complete cluster disintegration into separate atoms by the formula:

a0 (10)
UkSka

]max. =

Here U,,S, and 7, - the cathode potential drop, the cluster area and

the passage time of the cluster length by the discharge current, respectively.
The near-cathodic potential drops are listed here (Kesaev, 1968) and
(Kolesnik, Kolesnik, 2009), while the cluster radius values are given in
(Gretchikhin, 2008). The passage time is determined by the rate of the
electromagnetic waves in the cathode material and is equal to

T, = 2’21‘\/5 /¢ (& - relative dielectric permeability of the cathode material
and c- the speed of light). The limit current density leading to the complete
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cluster destruction is respectively 1.4-10° A/m? for the iron cluster, 2.3-10°
A/m? for titanium and 4.7-108 A/m? for copper. Therefore, the current density
emerging during the cathode cluster explosion in the vacuum arc is
significantly higher than the current density of complete cluster destruction.
The average current density on the cathode spot is about ~ 10" A/m? when
the discharge current is 100 A. The clusters of almost all cathode materials
explode and disintegrate into separate atoms under this current density and
they are discharged as a vapor-gas phase from the cathode spot.

The electric current is generated by every cluster explosion —
I, = j,S,, and the number of clusters to be exploded simultaneously in

the cathode spotis — n, =1/1, =1/ j,S, . When the current discharge is
100 A, the total number of clusters is n, =2.86:10" for the titanium
cathode, n, = 1.63-10" for iron and n, =1.32-10" for copper. When the
cathode spot diameter is 10° m, the total number of clusters is M=

1.3:10° for the titanium cathode, n,, = 1.75:10° for iron and n, =

1.7-10® for copper. It should be no more than 5 erosion cells for the
titanium cathode, no more than 10 for the iron cathode and no more than
12 for the copper cathode under a current discharge of 100 A (Kolesnik,
Kolesnik, 2009). It was found that the number of erosion cells in the
cathode spot was within 4-12, depending on the discharge conditions.
This is confirmed by estimations on the basis of negative ions emission.

The electric current is generated by every exploded cluster, and all
these currents produce the emission cell with public electric current
which is equal to the current discharge to that fact. Owing to this, parallel
currents are integrated by the Ampere force, and this effect is called
current discharge pinching.

During the clusters explosion, the electric current is conducted by
negative ions, but not free electrons. The magnitude of the pulse current
during every separate cluster explosion corresponds to experimental
data, found by (Mesyats, 2000), (Mesyats, 1993) and (Mesyats, 1995).

The negative ions ionization takes place during flame discharging. Free
electrons can be generated and they try to neutralize the positive charge on
the cathode spot surface. The reverse electric current can be generated and
its value is several times higher than the main discharge current.

The enormous reverse current is caused by the free electron flow
and this flow is spread all over the whole cathode spot area. Having
passed the near-cathodic potential drop, these electrons penetrate into
the skin depth and transform this layer into a liquid film.
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Liquid phase generation in the cathode spot

During a cluster explosion, the explosive emission of the negative
charge from the cathode is defined by the electric current conducted not
by free electrons, but by negative ions. At the same time, the positive
charge is by the negative charge flame, and the double electrical layer is
formed. The negative ions disintegration in the vacuum arc electric
discharges takes place owing to the following reactions:

A +B < AB+e;

A +es A+ 2e.

Both reactions (11) occurred in the vapor-gas phase. Based on the first
reaction, the concentration of generated free electrons per unit time is equal to:

dn _,
d; =kmnn, =k W, (1- Wgen_)nj . (12)

Here k; — the constant of the first direct reaction (11). The activation
energy of the fist reaction (11) is determined by the empiric formula
(Benson S., 1962).

E,=0,29D-222 KJ/mole, (13)

(11)

where D — the dissociation energy of the formed diatomic molecule (AB).
The dissociation energy is 1.2 eV for Tiy, and — 2.05 eV for Cu, (Radtsig,
Smirnov, 1980). So the activation energy is 11.38 kJ/mole for titanium,
and 35.16 kJ/mole for copper. The constant of the direct chemical
reaction (Benson S., 1962) is:

1/2
2k, T E
k, =2, +7,)} —2—| exp|l——%|. (14)
‘ u k,T
here r. and r, — the covalent radii of the interacting particles,
U = MMy the reduced mass and m,, m, — the interacting particles
m, +m,

masses. So the constant of the first chemical reaction (11) under the
boiling temperature is 3.245:10"® m®sec for titanium, and 6.283-10™"
m°/sec for copper.

The mass loss from the solid surface in the presence of negatively
charged particles in the flow should be considered as a charged
continuum flow with a double electrical layer creation. In this case, the
mean free path of every negative ion in the flow must be significantly
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smaller than the distance, i.e. the negative ions to be removed without
the collision in the double electrical layer. So

2
m,vy

2el

e

[ <<l, = (15)

N
Here m, — the particle mass in the cathode flame, E, :S;"e -
k€0

the electric field strength of the charged cathode spot surface Sy and ¢, =
8.854-10"? F/m — dielectric vacuum permeability.

There are the electric field intensity values in the double electric
layer and its layer size in Table 1.

Table 1 — Main parameters of the double electrical layer

Tabnuua 1 — OcHoBHbIe NapamMeTpbl ABONHOMO 3MEKTPUYECKOro Cros
Tabela 1 — Nominalni parametri dvostrukog elektricnog sloja

Parameters
Uxk, Ee, Vs, A, Co, Pe, lo, Tp,
ﬁ%t{‘e"r?j \Y V/m | m/sec m J/kg-K V-:m mm K
iron 11.8 | 481 | 4324 [2.35-10™ 975 8.6:10° | 11.2 2650

titanium 6.8 | 459 | 4652 |3.55-10" 684 4.210" | 11.7 2270
copper 11.3 ] 1060 | 7820 [4.84-10" | 451/513 | 1.6:10° | 19.5 2070

The mean free path in the discharge chamber is:
4r,
\/ENCIW .

where P¢ — the cathode flame pressure and r, — the radius of particles of
the cathode flame (atoms for titanium and copper). The mean free path in
the cathode flame is 2.76-107'° m for titanium atoms, 2.28-10"° m for iron
and 1.86-10" m for copper, while the distance, the negative ions to be
removed from the cathode spot surface, is 5.5 mm, 11 mm and 12 mm for
iron, titanium, and copper, respectively. The condition (15) is satisfied, so
the cathode flame should be considered as a charged continuum flow. In
such a flow, the negative ion range distance from the cathode spot surface
is determined not only by the slowing down of the charged particles in the
electric field of the double layer, but also by their ionization due to the
reaction (11). Then the free electrons concentration along the axis X at the
distance x in the layer dx is defined from the chemical reactions and
slowing down in the double electrical layer in the following way:
dx

dl’le:kfl’lal’li_T. (17)

maVO

[ = (16)

Vo — x
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The solution of the differential equation in terms of the boundary
condition offers the following approximate dependence for the first and
second reaction (11) to occur in the flame

n,(x)=n,,+ 2kﬁ1nagrad(ni_)%x;
‘ (18)
n,(x)=n,, +2k, ,n,grad(n;) Mooy,
’ o ek

e

where n. o — the initial free electrons concentration to be determined by
the boiling temperature using the Saha equation.

The first reaction (11) takes place at the beginning and the high-
energy ions are generated. After their appearance, the negative ions
ionization by an electron impact is stimulated with the decreasing of the
quick energy of exciting and forming electrons. Thus, free electrons are
generated at the distance of A/~ 102 m from the cathode spot surface in
accordance with reaction (11). Free electrons under the influence of the
positively charged cathode spot surface are directed to the cathode,
generating a reverse electric current which is equal to:

I=en, v,S,. (19)

ex e

where v, - the drift electron velocity in the cathode flame plasma.

The following equality is true under stationary conditions on the
basis of the charge conservation law

VS p =N, v,S; . (20)

On the basis of (20), the reverse electric current is equal to the
electric current to be generated during a cluster explosion, i.e. to the
electric charge separation current with creating a double electrical layer.
The difference is that the charge separation current lasts during the
clusters explosion, while the reverse current lasts during the creation of
the double electrical layer. The direct current is determined by the
complex exploded cluster, while the reverse current — by the whole
cathode spot surface. As a result, the reverse current density is an order
of magnitude lower than the charge separation current.

The complete ionization of negative ions takes place at the distance
of the full ions slowing down and in fact the reverse current stops. In this
moment, the cathode spot stops its functioning at the given place and the
cathode spot is generated alio loco. The cathode spot duration is 2.6-10°
sec without dependence on the cathode material and it turns out to be
the cathode spot lifetime. If the breakdown of the near-cathodic space
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takes place inside the cathode space, then the cathode spot lifetime
increases. This fact was experimentally proved and the most probable
value was in a great agreement with data listed here (Kesaev, 1968).

Since the reverse current is transferred by electrons, they can penetrate
to the skin depth (A). The specific skin layer values for some materials are
listed in Table 1. The temperature of the skin layer to be heated, is:

JeUlo

T, =T,+ :
7Y ApCLy,

(21)

The results of the temperature evaluations and the skin layer to be
heated in the cathode layer are listed in Table 1. The surface layer
heating in the cathode spot for all the metals is not higher than the boiling
temperature and is slightly higher than the melting point.

The cathode spot temperature measured experimentally by an optical
pyrometer under different discharge conditions was in the range of 1300 —
2300 K, and 2300 — 3700 K for the copper arc. The temperature evaluations
listed in Table 1 are in good agreement with experimental data and are
within the melting point and the boiling temperature.

Electronic component temperature
in the cathode flame

As a result of the first reaction of (11), the electrons are in the
surroundings with average energy, which is equal to the difference between
the diatomic molecule dissociation energy and the affinity energy:

E =D-6". (22)
E =12-0.163=1.037 eV for iron, E,=12-0.079=1.121 eV for

titanium and E,=2.05-1.228=0.822 eV for copper. Such average

energy of the generated electrons is enough for titanium and copper to
effectively ionize by the electron impact the remaining negative ions in
accordance with the second reaction (11). These free electrons during
negative ions ionization generate a cloud of free electrons with an
average energy of (Gretchikhin, Kudryashov, 1970)

6. =0,556" eV. (23)

For example, in the cathode flame, consisting of iron vapor, where
the continuous negative ions disintegration due to the electron impact
takes place, the average electrons energy in plasma is 0.09 eV, and it
corresponds to the electron gas temperature T,, = 1040 K; , the average
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electrons energy for the titanium vapor is 0.0435 eV, so the electron gas
temperature is T., ~ 505 K; while for the negative copper ions it is ~
0.452 eV with an average-effective temperature of T., ~ 5243 K. So, for
the vacuum arc discharge plasma in iron and titanium vapor, the electron
gas energy is primarily defined by the first reaction of (11) and the values
are 0.570 and 0.616 eV, while the temperatures are ~ 6620 and 7152 K,
respectively. For the arc discharge copper plasma, in the first reaction
the electrons are generated into plasma with 0.452 eV, while in the
second reaction, with 0.675 eV. The second reaction of (11) leads to a
quick electron gas temperature drop in the titanium atmosphere, just on
the contrary to the copper atmosphere. So, the electron subsystem in the
vapor-gas phase of iron, titanium and copper in the cathode flame has an
expressed two-humped energies distribution.

Every electron generated after the first reaction (11) excites the following
number of direct negative ions by means of the second reaction of (11):

1 E 7
=L E.T)dE . 24
=33 Ejf( D (24)

where E; — the average energy of the generated electrons owing to the
first reaction of (11) and E, — owing to the second reaction of (11). The
factor 3.5 is determined by the maximum ionization cross-section during
the electron impact. (Physical magnitudes: Handbook, 1991)

The final distribution of the generated electrons due to negative ions
ionization:

[/,(E,T)+ f,(E,T,)E

oo

[[A(E. 1)+ £,(E.T,)ldE

S(E)dE = (25)

In copper vapors, the electron gas temperature corresponds mainly to
the second reaction of (11). Bearing in mind that there is the electron
subsystem in the thermodynamic equilibrium, the average temperature of
the vacuum discharge electron component in the copper vapors is ~ 7830 K.
The average electron flame temperature was calculated near the surface by
modeling the energy fluxes to occur in the cathode spot of the vacuum arc
by means of laser, carried out by (Gretchikhin, Minko, Ya, 1967), and it was
7900 K. This coincidence was quite convincing within measurement errors.

So the electron component temperature is defined by the negative
ions ionization processes. When the flame leaves the cathode surface
drop, it has the temperature which is equal to the cathode material boiling
temperature. And the electron flame temperature increases when the
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distance from the cathode surface increases too. This was experimentally
found here (Gretchikhin, Tyunina, 1967), (Gretchikhin, Davydov, Minko,
Ya, 1968), (Gretchikhin, Minko, Ya, 1968), (Gretchikhin, 1974).

The following fact was found experimentally in these studies
(Gretchikhin, Tyunina, 1967), (Gretchikhin, Davydov, Minko, Ya, 1968),
(Gretchikhin, Minko, Ya, 1968), (Gretchikhin, 1974). High-power
continuous radiation can appear near the cathode surface, but the spectral
lines and bands radiation of atoms and molecules are absent. So the flame
emission near the cathode surface corresponds to the condensed media,
i.e. in this case it is a liquid phase. The separation between the vapor-gas
and the liquid phase takes place as the distance from the cathode surface
increases. The temperature quickly increases in the vapor-gas phase and
atoms and molecules radiation takes place, while the liquid phase radiation
disappears due to its cooling under the dispersion.

The electrons are directed onto the cathode as the negative ions
disintegration and they neutralize the induced positive charge, spread all over
the cathode spot. The positive ions from the discharge gap cannot reach the
cathode surface, since they are neutralized during the impact with the
cathode flame. The current from the discharge onto the cathode stops and
so the near-cathodic area breakdown takes place in the other place and this
is determined by the fact that the opposite currents are mutually repelled.

If we assume that there is vacuum arc discharge plasma in the
thermodynamic equilibrium, the ion plasma composition in the cathode
flames vapor inside the discharge gap can be defined by the Saha equation:

, ,27Z, &, —E&
nl+lne — C i+1 exp _ Tt i , (26)
n, Z. k,T
, 2 T 332
where C :M =2,415-10"'7%? — the dimensional constant;

Z.1, Zi — the statistical partition function; ¢,,,,&, - the energy of state j+1

and J the degree of ionization of plasma particles, k, — the Boltzmann
constant, T — the corpuscular heated vapor temperature, m, — the
electron mass and h — the Planck constant.

Table 2 — lons per cent of different degree of ionization

Tabnuya 2 — NpoueHT NOHOB pa3HOW KPaTHOCTU MOHM3aLUN
Tabela 2 — Procenat jona razli¢itog stepena jonizacije

Element Uk, lons fraction, %
V | Il 1]
Ti 6.8 27/27 72/67 1/6
Cu 11.3 30/30 68/54 1.9/15
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The direct measurements of the composition by percentage of ions
with different degrees of ionization were carried out in the vacuum arc
discharge at a current of 100 A. (Mrochek, Vershina, lvashchenko, et al,
2004) and (Kolesnik, Kolesnik, 2009) and the results are listed in Table 2
(the lower row). If we make the association with the composition by
percentage of ions with the first degree of ionization, then, in accordance
with the Saha equation, the temperature is ~ 4100 K for the titanium
cathode and 6830 K for the copper cathode. Under these temperatures,
the composition measurements by percentage of ions with consequent
degrees of ionization in the vacuum discharge are listed in Table 2 (the
upper row). The found results of the composition by percentage using the
Saha equation do not obviously correspond to the composition by
percentage obtained by direct measurements. It indicates that the
generated plasma in the vacuum arc discharges is essentially no
equilibrium. There is a difference between the electronic temperature and
the atomic temperature obtained by the Saha equation. The electronic
component in the vacuum arc plasma discharge has the electrons with
different energy, i.e. their generation takes place due to the different
mechanisms on the basis of reactions in (11).

Electric current reverse motion in the cathode
flame under the tangential magnetic field

It was found experimentally by Shtark and then by Keasev in detail,
that the reverse current rate of the cathode spot under the longitudinal
magnetic field depends on:

- cathode material;

- cathode material surface condition;

- arc current;

- oxide film;

- cathode temperature; and

- pressure of reaction discharge gas in the chamber.

The simultaneous explosions of several clusters (emission cells
systems) in the cathode spot leads to the double electrical layer
generation above the cathode spot of a sufficiently great size (/, Table 1).
The electrical current of neutralization of the positive charge on the
cathode spot surface in the double electrical layer is directed oppositely
to the principal discharge current. The Ampere force appears under the
magnetic field superposition along the cathode surface:

F, =7 Bls,. 27)
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Hence, the cathode spot rate of motion is:

2
v, :il_o - _ ly [jé]gk, (28)
m v, myv,

where m, - the cluster mass.

Let it be examined in what way the above-mentioned changing
parameters have the influence on the cathode spot velocity of reverse
travel under the longitudinal magnetic field.

The material cathode dependence is directly proportional to the
dependence on the squared double electrical layer width and inversely
proportional to the dependence on the cluster mass and flame rate of
motion for different materials. The titanium cathode spot rate of motion is 5.8
times higher than the one for iron, while for copper it is 7.2 times higher.

The dependence on the surface condition (i.e. roughness) occurs
when the cathode spot fails and recovers in another area, but the
transition from one hill to another with a roughness increase cannot take
place and the cathode spot motion stops.

The cathode spot rate of motion increases directly proportionally to
the arc current under constant other parameters.

The oxide film on the cathode material prevents the near-cathodic
space breakdown and it can lead to the quick cathode spot motion stop.

The cathode temperature increase leads to the thermo emission
current increasing, which reduces the reverse electron neutralization
current of the double electrical layer. Therefore, it decreases the Ampere
force and, consequently, the cathode flame rate of reverse motion.

The increase of the pressure of reaction discharge gas in the
chamber leads to the increase of the positive ions concentration in the
discharge gap. The cathode flame is bombarded by positive ions, the
negative ions concentration is decreased and, consequently, free
electrons concentration during the negative ions ionization is decreased,
too. The reverse electric current is reduced and the cathode spot rate of
reverse motion is decreased.

Conclusion

Therefore, the investigations of the vacuum arc discharge with the cold
cathode allowed finding out a new phenomenon. During the generation of a
defined complex clusters explosion in the cathode spot, a fraction of certain
atoms is as negative ions. As a result of this, a double electrical layer is
formed above the cathode spot, and its neutralization leads to reverse
current of free electrons generated owing to the negative ions ionization.
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This phenomenon in the cathode spots of the arc discharges
allowed finding out the following:

1. The negative charged flame with frequency, defined by the
cathode spot life time discharges from the cathode spot,

2. The double electrical layer is generated above the cathode spot
surface, which is neutralized by the reverse electrical current, generated
by free electrons owing to the negative ions ionization,

3. All the phenomena taking place during the cathode spot motion
under the longitudinal magnetic field are explained by the high-power
reverse neutralization current generation of the double electrical layer.
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Sazetak

U radu se opisuje novootkrivena pojava stvaranja dvostrukog
elektricnog sloja iznad povrSine katodnog spota. Njegova neutralizacija
dovodi do reverzne struje slobodnih elektrona, generisane usled joni-
zacije negativnih jona. Negativno naelektrisan plamen katodnog spota
periodi¢no se stvara i gasi, tako da je duZina postojanja katodnog spo-
ta definisana ovim osciliraju¢im procesom. Reverzno kretanje katod-
nog spota u longitudinalnom magnetnom polju deSava se zahvaljujuci
generisanju reverzne struje neutralizacije velike snage dvostrukog
elektricnog sloja pomocu elektrona koji nastaju tokom jonizacije nega-
tivnih jona u plamenu katode.

Kljuéne redi: elektricno prazZnjenje, katodni spot, plamen katode,
negativni joni, dvostruki elektri¢ni sloj.

Paper received on / lata nony4yenus pa6otbl / Datum prijema ¢lanka: 25. 12. 2015.
Manuscript corrections submitted on / [lata nonydeHusi nicnpaeneHHon Bepcun padoTol /
Datum dostavljanja ispravki rukopisa: 27. 03. 2016.

Paper accepted for publishing on / [lata okoH4YaTenbHOro cornacoBannsi pabotsl / Datum
konac€nog prihvatanja ¢lanka za objavljivanje: 29. 03. 2016.

© 2016 The Authors. Published by Vojnotehnicki glasnik / Military Technical Courier
(www.vtg.mod.gov.rs, BTr.mMo.ynp.cp6). This article is an open access article distributed under the
terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/rs/).

© 2016 AsTopbl. OnybnmkoBaHo B "BoeHHO-TexHu4eckuii BecTHUK / Vojnotehnicki glasnik / Military
Technical Courier" (www.vtg.mod.gov.rs, BTr.Mo.ynp.cp6). [laHHasi cTaTbsi B OTKPLITOM AOCTYNE U
pacnpocTpaHsieTcs B COOTBETCTBUM € nuueHanen "Creative Commons”
(http://creativecommons.org/licenses/by/3.0/rs/).

689

Grethchikin, L., et al, Double electrical layer in the cathode spot , pp. 670-689




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Albertus-ExtraBold
    /Albertus-Medium
    /AlbertusMT
    /AlbertusMT-Italic
    /AlbertusMT-Light
    /Algerian
    /AntiqueOlive
    /AntiqueOlive-Bold
    /AntiqueOlive-Compact
    /AntiqueOlive-Italic
    /AntiqueOlive-Roman
    /Apple-Chancery
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /BaskOldFace
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /BookmanITCbyBT-Demi
    /BookmanITCbyBT-DemiItalic
    /BookmanITCbyBT-Light
    /BookmanITCbyBT-LightItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Candid
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGOmega
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGTimes
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CHelv
    /CHelvBold
    /CHelvBoldItalic
    /CHelv-Italic
    /Chicago
    /Chiller-Regular
    /CHVojska
    /CHVojska-Bold
    /CHVojska-BoldItalic
    /CHVojska-Italic
    /CirTimes
    /CirTimes_New_Roman
    /CirTimesBold
    /CirTimesBoldItalic
    /CirTimesItalic
    /Clarendon
    /Clarendon-Bold
    /Clarendon-Condensed-Bold
    /Clarendon-Light
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CooperBlack-Italic
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Copperplate-ThirtyTwoBC
    /Coronet
    /Coronet-Regular
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CTVojska
    /CTVojska-Bold
    /CTVojska-BoldItalic
    /CTVojska-Italic
    /CurlzMT
    /Decor
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /English157BT-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /Eurostile
    /Eurostile-Bold
    /Eurostile-BoldExtendedTwo
    /Eurostile-ExtendedTwo
    /FelixTitlingMT
    /FencesPlain
    /FootlightMTLight
    /FormalScript421BT-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /Gautami
    /Geneva
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldCondensed
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-ExtraBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Goudy
    /Goudy-Bold
    /Goudy-BoldItalic
    /Goudy-ExtraBold
    /Goudy-Italic
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Oblique
    /HelveticaLat
    /HelveticaLatBold
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HoeflerText-Black
    /HoeflerText-BlackItalic
    /HoeflerText-Italic
    /HoeflerText-Ornaments
    /HoeflerText-Regular
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /JoannaMT
    /JoannaMT-Bold
    /JoannaMT-BoldItalic
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldSlanted
    /LetterGothic-Italic
    /LetterGothic-Slanted
    /LHVojska
    /LHVojska-Bold
    /LHVojska-BoldItalic
    /LHVojska-Italic
    /LTVojska
    /LTVojska-Bold
    /LTVojska-BoldItalic
    /LTVojska-Italic
    /LubalinGraph-Book
    /LubalinGraph-BookOblique
    /LubalinGraph-Demi
    /LubalinGraph-DemiOblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Marigold
    /MaturaMTScriptCapitals
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /Monaco
    /MonaLisa-Recut
    /MonotypeCorsiva
    /MonotypeSorts
    /MSOutlook
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MT-Extra
    /MT-Symbol
    /MVBoli
    /MyriadWebPro
    /MyriadWebPro-Bold
    /MyriadWebPro-Condensed
    /MyriadWebPro-CondensedItalic
    /MyriadWebPro-Italic
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewYork
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /OCRAbyBT-Regular
    /OCRAExtended
    /OCRB10PitchBT-Regular
    /OldChurchSlavonicCyr
    /OldEnglishTextMT
    /Onyx
    /Optima
    /Optima-Bold
    /Optima-BoldItalic
    /Optima-Italic
    /Oxford
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PoorRichard-Regular
    /Pristina-Regular
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /ScriptMTBold
    /Serbian-Elegant
    /Serbian-Elegant-Bold
    /Serbian-Elegant-Bold-Italic
    /Serbian-Elegant-Italic
    /ShowcardGothic-Reg
    /Shruti
    /SnapITC-Regular
    /StempelGaramond-Bold
    /StempelGaramond-BoldItalic
    /StempelGaramond-Italic
    /StempelGaramond-Roman
    /Stencil
    /Sylfaen
    /Symbol
    /SymbolMT
    /Taffy
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRoman
    /TimesNewRomanBold
    /TimesNewRomanBoldItalic
    /TimesNewRomanItalic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers
    /Univers-Bold
    /Univers-BoldExt
    /Univers-BoldExtObl
    /Univers-BoldItalic
    /Univers-BoldOblique
    /Univers-Condensed
    /Univers-CondensedBold
    /Univers-Condensed-Bold
    /Univers-Condensed-BoldItalic
    /Univers-CondensedBoldOblique
    /Univers-Condensed-Medium
    /Univers-Condensed-MediumItalic
    /Univers-CondensedOblique
    /Univers-Extended
    /Univers-ExtendedObl
    /Univers-Light
    /Univers-LightOblique
    /Univers-Medium
    /Univers-MediumItalic
    /Univers-Oblique
    /UstavIzvorni-Medium
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /YUTimesNewRoman
    /YUTimesNewRomanBold
    /YUTimesNewRomanBoldItalic
    /YUTimesNewRomanItalic
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [1734.803 2245.040]
>> setpagedevice


