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STUDY OF THE NEON DIELECTRIC
BARRIER DISCHARGE ON A CAPACITIVELY
COUPLED RADIO FREQUENCY AT A LOW
PRESSURE WITH METASTABLE ATOM
DENSITY: EFFECT OF THE PRESSURE

We study the neon dielectric barrier discharge with metastable atom density on a capacitively
coupled radio frequency at a pressure of about 4—12 Torr. The transport parameters of neon
are dependent on the electron energy, and their range is about 0.04—50 eV. A one-dimensional
fluid model and the drift-diffusion theory are used to describe the neon dielectric barrier dis-
charge. The effect of the gas pressure on the properties of neon dielectric barrier discharge is
presented for the cycle-averaged regime. It is shown that the particle densities, electric poten-
tial, and metastable atom density increase with the pressure. In addition, the surface charge
concentration and the gap voltage increase as well.
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1. Introduction

Glow discharge plasma [1-11] produced by a powered
DC or a RF source has various applications in indus-
trial technologies and medical therapy. Among which,
an improved discharge by the substance vapor depo-
sition, a surface adaptation by different materials and
the plasma etching. Furthermore, a capacitive geome-
try can enhance these technologies [12]. The last work
presents a progressive technique to control the dis-
charge by means of a dielectric barrier [13-16] at low
or high pressures of the gas. In the medical domain,
we find the dermatology treatment by means of co-
herent and incoherent ultraviolet (UV) and vacuum
ultraviolet (VUV) radiations from a glow source.
Beside the experimental tools [17], the mathemati-
cal model is the best approach to describe and to op-
timize the discharge behavior mostly at the sides of
electrodes and in the bulk plasma. Samir et al. [1§]
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have investigated the effect of a gas pressure on
the capacitively coupled radio frequency (CCRF) in
discharges in the argon gas. Thus, the electric po-
tential increases, and the electron temperature de-
creases with increasing gas pressure. Liu et al. [19]
have studied the effect of secondary electron emis-
sion coefficient (SEEC) on the capacitively coupled
RF (CCRF) from argon glow discharges. They have
demonstrated that increasing SEEC changes conse-
quently many parameters such as the net power ab-
sorption, electron power dissipation, and thermal con-
ductive term. Becker et al. [20] have presented a com-
parative study between argon and helium CCRF dis-
charges by means of the advanced fluid model and
particle-in-cell/Monte Carlo code.

Barjasteh and Eslami [21] have described the be-
havior of a discharge in DBDs at a low-pressure
for gas mixtures (90%Ar-10%Cls). They have shown
that the electronegativity property and the radia-
tion process grow, when the voltage amplitude increa-
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ses. However, when the frequency increases, the elec-
tronegativity property decreases. Barjasteh et al. [22]
have studied the effect of the voltage parameters on
the characteristics of the dielectric barrier discharge
(DBD) in a low-pressure argon gas. It has been shown
that increases in the applied voltage and voltage fre-
quency lead to a growth in both the radiation process
within the plasma and the discharge current.

In this work, we have interested to give a detailed
description for the behavior of a neon glow discharge
operated in CCRF and controlled by the dielectric
barrier in the presence of a metastable atom den-
sity. Moreover, we will consider the gas pressure effect
on the plasma characteristics.

2. Physical Model and Boundary Condition

A description of the adopted discharge scheme is de-
picted in Fig. 1. As we assume that the electrode
size is greater than the interelectrode spacing, then
the model has been computed in a one-dimensional
geometry. The frequency of the RF power supply
is set to 13.56 MHz, and the neon gas pressure is
of about 4-12 Torr. Therefore, the RF driving fre-
quency is less than the momentum transfer collision
frequency. Consequentially, the fluid model is utilized
to simulate the RF neon plasma.

In order to get a complete explanation of prop-
erties of the low-pressure neon plasma, both neon
atoms and ions, as well as excited atoms, have been
taken into account. The kinetic scheme of processes
includes five electron collision reactions: the ioniza-
tion in elastic collisions, excitation, deexcitation, and
stepwise ionization related to the rate coefficients de-
pending on the mean electron energy. Theses reac-
tions are labelled as follows: P, kio, kex, Kdex and
K7, respectively. In addition, the chemo-ionization
(K.i) [23] and radiation processes (7,,) [24] are con-
sidered. Table 1 summarizes these reactions and the
relevant references. The processes kio, Kex, and Kqex
are calculated using BOLSIG+ software [25—-26], and
the process K[ is determined according to the ex-
pression given by Vriens and Smeets [27].

Then, the model [6, 7] is described as follows:

one  Ol'e
ot + ox = e, (1)
8n+ 8F+ -
a9t + 0w Sy, (2)

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 7

3 >

Fig. 1. Discharge configuration, ¢!, is the electric potential at
the dielectric side
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The synonyms of the difference notations utilized in
the above equations are mentioned in Table 2 and
represent the diffusion coefficient and mobility of the
electron energy.

2.1. Boundary conditions

In this subsection, we will present the initial and
boundary conditions. There are a lot of boundary
conditions given by different expressions (see, e.g.,
Samir et al. [18] and Liu et al. [19]). Those boundary
conditions read: The ion flux and electron temper-
ature at each of the electrodes are given as follow:
I's =nypusEFand T, = 0.5 V.
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Table 1. Kinetic scheme of processes and their rate coefficients

N Processes Rate coefficients Refs.
P, Ne+e~ — Ne+e™ Poc (eVs™1) 28
Po Ne +e~ — Net + 2e~ kio (cm3s™1) 25-26
P Ne+e~ — Nei, +e~ kex (cm3s™1) 25-26
P4 Nej, +e~ — Ne+e~ Kqex (cm3s™1) 25-26
Ps Nej, + Nef, — Net + e~ + Ne K¢ =3.6x 10710 (em®s™1) 23
Pg Ney, — Ne + hv Tm =2 x 1073 /p (s) and p in Torr 24
Pr e~ + Nej, — Net + 2e~ K (cm3s71) 27

Table 2. Description of the different
notations utilized in our model

Notations Description
g The particle density
S Subscript
Ee The mean electron energy
Ty The particle flux
¢ The electrostatic potential
+; e; m | The positive ions; electrons; metastable atoms
ng The neutral gas density
Se The electron source term
Pee The electron energy flux
Hee The mobility of electron energy
Dee The diffusion coefficient of electron energy
D, The diffusion coefficient of spieces (s)
E The electric field
€o The free space permittivity
€o The elementary charge
s The mobility of spieces (s)
Tee The electron energy flux
See The electron energy source term

At the ground electrode (z = d): T, = —n. K, —
—I;.

The discharge reactor is powered at (xr = 0) by
the sinusoidal voltage U(t) = U,sin(2x ft). At the
ground electrode (x = d), U(t) = 0.

The initial densities are chosen in the Gaussian
form; n, = ny = 107 + 10°(1 — 2/d)*(z/d)? cm—3
[29-30].

Other boundary conditions are cited per Hagelaar
et al. [31] as follows:

The particle fluxes of electron and ions are writ-

ten as

1—7r vthn
Iy -v= ﬁ <|n+,u+E + +2 >7 (13)
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Table 3. Dielectric parameters and their references

Dielectric parameters Value Refs.
Thickness A =1 mm
Reflection coefficient | Metallic re =3 x 1071 32
of electrons Dielectric re=7x10"1| 32
Reflection coefficient | Metallic ry =5x10"4| 32
of ions Dielectric ry =5x10"3| 32
Relative permittivity | Borofloat glass er =4.6 13
of dielectric Alumina, er =10 13

1—r vthn
I'.-v= A |nepeB| + —5) —
147, 2
———ymax(I'y - v 14
oy max(Ty ), (14)

where v is equal to -1 at (x =0), and v = 1 at & = d,
and 7. 4 is the reflection coefficient of electrons or
ions, and their values are given in Table 3.

The thermal velocity of electrons or ions is given by:

th 8kae,+

ot = (15)

TMe,+

The Gauss law [13] is applied in the presence of the
dielectrics, to compute the accumulation of surface
charges on the dielectrics as follow:

5r50Edie1(xa t) V= EOE(I? t) V= O'S('T7 t)a (16)
where Egiel(x,t) is the electric field inside the di-
electrics, and e, is their relative permittivity (see
Table 3), and E(x,t) is the electric field related to
the gas discharge. To compute the electric poten-
tial at the dielectrics (¢} and ¢f), we have em-
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ployed Eq. (16). The temporal evolution of the sur-
face charge density (os(z,t)) begins from the break-
through of the dielectrics by particle currents. This
density is expressed by Becker et al. [17] as

9os(2,1) = eoZFj(x,t) V.

5 (17)

J

The system of partial differential equations is dis-
cretized using the finite-difference method. Moreover,
the equations of transport of particles and the en-
ergy have been discretized according to the exponen-
tial scheme [33-35]. The Poisson’s equation has been
discretized spatially by the central difference tech-
nique. Both steps in time and within space grids are
uniform and constant. The number of grid points in
space is equal to 250 and, per period time, is equal to
(4 x 10). The neon transport parameters are given
in Table 4.

3. Results and Discussion

3.1. With and without metastable
atom density

In order to examine the effect of the metastable atom
density on the discharge behavior, we have plotted the
electrical characteristics with and without metastable
atom density. Figure 2 shows the electron density pro-
files with and without metastable atom density. As we
can see, the electron density with metastable atom
density is higher than that without metastable atom
density. This is due to the contribution of the stepwise
ionization and chemoionization processes. We note
that the maximum electron density with metastable
atom density reaches 1.56 x 10 cm~2, and the maxi-
mum of the electron density without metastable atom
density is equal to 1.38 x 10'° cm—3. The total current
with metastable atom density reaches —2.7 mA /cm?,
and it is equal to —2.6 mA /cm? when the metastable
atom density is neglected.

3.2. With and without dielectrics

In order to examine the effect of the dielectric bar-
rier, we have plotted both electric potential and
electron temperature with and without dielectrics in
Fig. 3. We can see that the electric potential with
dielectrics is superior to that without dielectrics. We
can explain this fact by that, without dielectrics, the
electric potentials at both electrodes are constant and
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Fig. 2. Electron density profiles with and without metastable
atom density at the 2000-th cycle CCRF neon dielectric barrier
discharge, and those profiles are provided in the cycle-averaged
regime

Table 4. Discharge configuration
and neon physical characteristics applied
in a CCRF dielectric barrier discharge, E/ng in Td

Symbol Definition Value Refs.
d Electrode distance 1 (cm) -
Tgas Gas temperature 300 (K) -

D Pressure 4, 8, and 12 (Torr) -
Ua Voltage amplitude 150 (Volt) -
f Frequency 13.56 (MHz) -
ngpe | Electron mobility BOLSIG+ 25-26
ngDe | Electron diffusion

coefficient BOLSIG+ 25-26

. . 11.27E/n

w Ion drift velocity W 36
D4 Ion diffusion coefficient | Dy = “*'Tfﬂ -
K Electron recombination

coefficient 1.19 x 107(cm s~1) | 19
o7 Electron emission

coeflicient 0.04 -

are equal to the applied potential, i.e., 0 V at the
ground electrode (z = d), and U(t) = U, sin(27 ft)
at the powered electrode (z = 0). Hence, these val-
ues are increased in the presence of the dielectrics by
means of the Gauss law.

Figure 4 shows the profile of electron density and
electric field with and without dielectrics. We can see
that the electron density without dielectrics is supe-
rior to that with dielectrics. Therefore, the electric
field without dielectrics is superior to that with di-
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Fig. 3. Electric potential and electron temperature profiles
with and without dielectrics at the 2000-th cycle CCRF neon
dielectric barrier discharge, and those profiles are provided in
the cycle-averaged regime
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Fig. 4. Electron density and electric field profiles with and
without dielectrics at the 2000-th cycle CCRF neon dielectric
barrier discharge, and those profiles are provided in the cycle-
averaged regime

electrics (see Fig. 4). Consequently, the electron tem-
perature without dielectrics is superior to that with
dielectrics (see Fig. 3).

Figure 5 shows the profiles of the electric poten-
tial as a function of the pressure at the 2000-th cycle
CCRF neon dielectric barrier discharge. Those pro-
files are given within the cycle-averaged regime. We
remark that the width of the plasma region increases
with the pressure. We can explain this fact by the
magnification of the pressure, the neutral gas density
growth, and then the collision processes increase, i.e.,
the ionization, stepwise ionization, and chemoioniza-
tion rise as well. These processes do to raise parti-
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Fig. 5. Electric potential profiles as a function of the pressure

at the 2000-th cycle CCRF neon dielectric barrier discharge,
and those profiles are provided in the cycle-averaged regime

cle densities (electron and ion ones). On the other
hand, With gas pressure growing, there is a decrease
of the electron displacement amplitude in the RF
electric field in plasma, and the smaller this elec-
tron displacement amplitude, the thinner the sheaths
and the broader the plasma region. Consequently, the
length of the electric potential increases with the
pressure. We note that the maxima of the electric
potential are equal to 75.93, 74.20, and 73.71 V,
when the gas pressure is equal to 4, 8, and 12 Torr,
respectively. The behavior of the electric potential
is characterized by two sheath thicknesses, between
which a bulk plasma region is located. This behav-
ior is again characterized by the maximum and min-
imum values of the potential. Then, the landing po-
tential is computed as the difference between the
maximum and the minimum values of the electric
potential. Thereby, the landing potential is equal to
64.85, 61.63, and 60.24 V, when the pressure is
equal to 4, 8, and 12 Torr, respectively. We remark
that the landing potential decreases, as the pressure
increases.

Figure 6 represents the curve of the metastable
atom density as a function of the pressure at the 2000-
th cycle CCRF neon dielectric barrier discharge. This
picture provides the cycle-averaged regime. We re-
mark that the metastable atom density has a Gaus-
sian form, and their maximum is located at the mid-
dle of the interelectrode spacing. We see that the
metastable atom density decreases, as the pressure in-
creases. This is due to the diminution of the radiation
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process and the diffusion coefficient of the metastable
atom density. It is obvious that the maximum of the
metastable atom density changes from (3.07x10!!) to
(1.90 x 10*) em~3, when the pressure changes from
4 to 12 Torr.

Figure 7 shows the profiles of the electron temper-
ature as a function of the pressure at the 2000-th
cycle of a CCRF neon dielectric barrier discharge,
and these profiles are presented in the cycle-averaged
regime. As one can see, the profile of the electron tem-
perature has two peaks. This distribution is caused by
plasma electrons in the anode phase that fill the near-
electrode layer (when the corresponding electrode
possesses the instantaneous positive potential). In the
cathode phase, the electrons are swept out of the layer
back into plasma. As a result, they acquire the energy
with the appearance of peaks on the electron tem-
perature plot near the boundaries of the layers [37—
38]. On the contrary, the cooling phenomenon created
by means of the electron density and the ground state
of neon atoms, as well as the threshold ionization and
excitation are weakening in the sheath thickness. In
the bulk plasma region, the cooling phenomenon is
greater due to the presence of a high electron den-
sity. We remark that the electron temperature de-
creases with the increasing of the pressure; this is
due to the diminution of the mean free path, and this
latter serves to diminish the electron energy. As a re-
sult, the electron temperatures diminish in both the
sheath and in the bulk plasma.

It is obvious that the electron temperature changes
from 7.60 to 6.35 eV in the sheath and alters from
2.33 to 1.75 €V in the bulk plasma, when the pressure
varies from 4 to 12 Torr.

In order to show the behavior of discharges, we give
the summary of studies of the plasma density and the
electric field as functions of the pressure at the 2000-
th cycle averaged in CCRF neon dielectric barrier dis-
charge in Table 5. As one can see that the plasma
density increases with the pressure from (1.55 x 10*°)
to (5.53 x 10'%) em~3. This is due to that the aug-
mentation of the pressure serves to augment the gas
density. Then, the particle densities are increased. As
a consequence, the electric field increases with the
pressure from 509.88 to 619.80 V/cm.

In order to valid our numeric code, we have in-
vestigated our discharges without dielectrics and in
comparing our results and those obtained by Samir
et al. [18], Park and Economou [39], Meyyappan
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Fig. 6. Metastable atom density curves as a function of the
pressure at the 2000-th cycle CCRF neon dielectric barrier dis-
charge. This picture provides the cycle-averaged regime
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Fig. 7. Electron temperature profiles depend on the pressure
at the 2000-th cycle CCRF neon dielectric barrier discharge,
and these profiles are provided in the cycle-averaged regime

Table 5. Summary of the plasma

density and the electric field as a function

of the pressure at the 2000-th cycle averaged
in a CCRF neon dielectric barrier discharge

Pressure Plasma density Electric field
(Torr) (cm™3) (V/cm)
4 1.55 x 1010 509.88
8 3.63 x 1010 577.92
12 5.53 x 1010 619.80

and Govindan [40], Hwang et al. [41], Surendra and
Vender [42], and Surendra et al. [43]. We have found
a reasonable agreement.
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Fig. 8. Effect of the pressure on the gap voltages as a function
of the reduced periodicity of a CCRF neon dielectric barrier
discharge at the 2000t" cycle, and U(t) is the applied voltage
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Fig. 9. Effect of the pressure on the surface charge concentra-
tion o5(d, t) as a function of the reduced periodicity of a CCRF
neon dielectric barrier discharge at the 2000t" cycle

Figure 8 represents the effect of the pressure on the
gap voltages as functions of the reduced periodicity
of a CCRF neon dielectric barrier discharge at the
2000t" cycle. To examine this effect, we have plot-
ted the applied voltage (U(t)). We have defined the
gap voltage (U,(t)) as: (Ugy(t) = ¢h — ¢%). As a con-
sequence, the gap voltage is inferior to the applied
voltage. It is worth noting that the resulting form of
the gap voltage is sinusoidal. This is due to the source
voltage which has a sinusoidal form. Note that the
amplitude of the gap voltage is decreased to 134.05,
131.10, and 129.43 V for the gas pressures equal to 4,
8, and 12 Torr, respectively.
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Fig. 10. Effect of the pressure on the surface charge concen-
tration os(o,t) as a function of the reduced periodicity of a
CCRF neon dielectric barrier discharge at the 2000 cycle

As a result, the difference voltage between the ap-
plied voltage and the gap voltage is of about 15.95,
18.9, and 20.57 V. We remark that the difference in
voltages increases with the pressure.

Figure 9 shows the effect of the pressure on the
surface charge concentration (o4(d,t)) as a function
of the reduced periodicity of a CCRF neon dielectric
barrier discharge at the 2000*" cycle. The morphology
of the surface charge concentration (o4(d,t)) strictly
follows the gap voltage structure. The surface concen-
trations reflect the precipitation of particles charged
on the dielectrics, and this precipitation increases
in time. As one can see, the surface concentration
(0s(d,t)) increases with the pressure, and the maxi-
mum changes from 4.91 x 1075 to 6.3 x 10~° nC/cm?,
when the pressure changes from 4 to 12 Torr. This is
due to the augmentation of the electric field at the
electrodes.

Figure 10 shows the effect of the pressure on the
surface charge concentration (o4(0,t)) as a function
of the reduced periodicity of a CCRF neon dielectric
barrier discharge at the 2000*" cycle. As one can see,
the morphology of the surface charge concentration
(0s(0,t)) has the same behavior as (o4(d, t)), and they
have the reversed polarities, i.e., while the surface
charge concentration (o4(d,t)) has a maximum value,
(0s(0,t)) has a minimum value, and vice versa, as well
as this morphology is conserved at each period. The
effect of the pressure on the surface charge concen-
tration (os(o,t)) is similar to that of (os(d,t)), and
the amplitude of (o4(0,t)) changes from 4.91 x 10~°
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Fig. 11. Effect of the pressure on the electron current at the
2000-th cycle of a CCRF neon dielectric barrier discharge at
the phase wt =m

to 6.3 x 107° nC/cm?, when the pressure changes
from 4 to 12 Torr, as well as this augmentation is
due to the augmentation of the electric field at the
electrodes.

Figure 11 shows the effect of the pressure on the
electron current at the 2000-th cycle of a CCRF neon
dielectric barrier discharge at the phase (wt = 7). We
remark that the electron current is characterized by
two sheath thicknesses located at both electrodes and
plasma region. As one can see, the effect of the pres-
sure is independent of both sheath thicknesses, but in
the plasma region and the electron current increase
with the pressure because of the augmentation of the
electron density. We remark that the electron current
is quasiconstant in the plasma region.

We note that the maxima of the electron current
are 2.67, 3.15, and 3.43 mA/cm? by means of the
effect of the pressure equal to 4, 8, and 12 Torr,
respectively.

Figure 12 shows the effect of the pressure on the ion
current at the 2000-th cycle of a CCRF neon dielectric
barrier discharge at the phase (wt = 7). We remark
that the spatial distribution of the ion current is sym-
metric compared at the middle of the interelectrode
spacing. This situation is due to the electric field be-
havior on the ion current. As one can see, the ion
current decreases with the augmentation of the pres-
sure due to the expansion of the plasma region. It is
obvious that the maximum of the ion current changes
from 0.03 to 0.03 mA /cm?, when the pressure changes
from 4 to 12 Torr.
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Fig. 13. Effect of the pressure on the displacement current at
the 2000-th cycle of a CCRF neon dielectric barrier discharge
at the phase wt =7

Figure 13 shows the effect of the pressure on the
displacement current at the 2000-th cycle of a CCRF
neon dielectric barrier discharge at the phase (wt =
= 7). We remark that the spatial distribution of the
displacement current is characterized by two sheath
thicknesses placed beside at both electrodes; between
them, a plasma region is located. As one can ob-
serve, the behavior of the displacement current is in-
versely related to that of the electron current. The
effect of the pressure on the displacement current
in the plasma region is independent, i.e., regard-
less of the pressure, the displacement current does
not change. Beside that, the displacement current in-
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Fig. 14. Effect of the pressure on total current at the 2000-th
cycle of a CCRF neon dielectric barrier discharge at the phase
wt =

creases with the pressure. It is obvious that the max-
ima of the displacement current are placed at 2.7,
3.2, and 3.45 mA /cm? by means of the effect of the
pressure equal to 4, 8, and 12 Torr, respectively. In
the plasma region, the displacement current is null
regardless of the pressure.

Figure 14 shows the effect of the pressure on the
total current at the 2000-th cycle of a CCRF neon di-
electric barrier discharge at the phase (wt = 7). The
total current represents the sum of the electron, ion,
and metastable atoms, as well as the displacement
currents. Other than that, the current of metastable
atoms is negligible, and it is not shown. As a conse-
quence, the fall of both electron and displacement
currents is faded away between them, and the to-
tal current is constant in the interelectrode spac-
ing. It is obvious that the total current is -2.7, —
3.15 and -3.42 mA/cm? by means of the effect of
the pressure equal to 4, 8, and 12 Torr, respectively,
at the phase (wt = ).

4. Conclusion

Three moments of Boltzmann’s equation with Pois-
son’s equation are taken to describe a capacitively
coupled neon glow discharge driven by the radio fre-
quency power at low pressures with dielectrics, and
the metastable atom density is introduced again in
the model. Mainly to describe the model, we have
used the expression for a particle flux that can ex-
plain the kinetics of electrons and ions by the Gauss
law, as well as the accumulation of charged particles
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on the dielectrics. The effect of boundary conditions
in the presence of a dielectrics is well defined from the
spatial distribution of the surface charge concentra-
tions and the gap voltage temporally. The effect of the
pressure on the discharge characteristics is presented
on the cycle-averaged plots. As a result, the particle
densities, electric field, and electric potential increase
with the pressure. In addition, the surface charge con-
centration and the gap voltage increase again. The
electron temperature decreases with the augmenta-
tion of the pressure.
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A. Boyuizi

JOCJIIKEHHS PO3PAIY
KPI3b JIEJJEKTPUYHNI HEOHOBUI BAP’E€P

3 JEAKOIO I'VCTUHOIO METACTABIJIBHUX
ATOMIB IIP1 HU3BbKOMY TUCKY HA €MHICHO
3AJIE?KHIN PAJIOYACTOTI: BILJIMB TUCKY

JocnizkeHo po3psis; Kpi3b JieJIeKTPUIHUN HeOHOBUi 6ap’ep 3
[IEBHOIO TI'yCTUHOI MeTacTablIbHUX aTOMIB Ha €MHICHO 3aJie-
KHiN pagiogacToTi npu THCKy 6insi 4-12 Topp. Ilapamerpu
TPaHCIOPTY y HEOHI 3ajiexKaTh BiJl eHepril eJIEKTPOHIB B iIHTEP-
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Bauti 0,04-50 eB. Bukopucrano ogHOBUMIpHY MOe/Ib piguHu i
Teopito apeiidy-audys3il s onucy Takux po3psiais. B pexxumi
yCepeIHeHHSI 10 IUKJLY PO3IVISIHYTO BILIUB THUCKY Ha BJIACTHBO-
cti pospsanis. ITokazaHo, 1110 I'YCTUHNA YaCTUHOK, €JIEKTPUIHUN
MIOTEHI{iaJI Ta I'yCTHHA METACTablIIbHIUX aTOMIB 301/IBIIYIOTHCS
3 TUCKOM. TaKoXK 3pOCTaloTh KOHIIEHTPAIllisi [IOBEPXHEBOI'O 3a-
psxy i Hanmpyra Ha 6ap’€pHOMY IPOMIXKKY.

Katwwoei 0 6a: eMHICHO 3aJI€?KHUI, PaIiO9acTOTHUIA YKeB-

pirounii po3psi, 3akoH layca, po3psimy Kpi3b JlieJIeKTPpUIHUN
6ap’ep.
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