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The purpose of the work is to study the influence of the size of the discharge gap and the time dependence of the increase
in the pulsed electric field to the characteristics of the avalanche stage of a pulse dielectric barrier discharge (PDBD)
from the beginning of electron drift in increasing electric field, taking into account the threshold nature of the impact
ionization process in the gas, the influence of photo-ionization to the enlargement of avalanches, diffusion and electro-
static repulsion of electrons at the head of the avalanche. Computational studies were carried out for the specific elec-
trode system with the dielectric barrier located on the cathode for gas gaps 1-3 mm, voltage pulse with the amplitude of
25 kV and time of its achievement of 50 ns. It is established that after three or four stages, the electric field strength of
the avalanche-streamer transition has a value of 80-100 kV/cm, which occurs ~30 ns after the voltage is applied, and
weakly depends on the size of the gas gap. For the test experiment with gap of 1.5 mm, such values occur at the moment
of reaching the maximum current value. It is determined that the size of the electron avalanche for the given voltage
pulse in the PDBD is determined by the process of electron diffusion. It is shown that after applying voltage as a result of
the first stage of electron drift, the number of emitted photons capable of generating effective electrons for the further
development of the avalanche process strongly depends on the size of the discharge gap. The limits of the discharge gaps
with significantly different possibilities to initiate the avalanches at subsequent stages are determined. References 22,
figures 9, tables 2.

Key words: pulse dielectric barrier discharge, avalanche-streamer transition, photo-ionization, electric field strength of
electron avalanche.

Introduction. Among the numerous applications of electric discharge in gas, studies of the PDBD
have become relevant in recent years [1-3]. The qualities of this type of discharge have proven useful in
technologies that require sufficiently energetic electrons and their homogeneous distribution with a signifi-
cant density in the discharge gap. For this purpose, the pulsed electric field with a significant overvoltage is
used, which during tens nanoseconds reaches its maximum value in discharge gaps of the millimeter range.
Overvoltage in experiments can reach 50% and even 100% and more. Homogeneity of the discharge in the
form of electron avalanches and streamers without the formation of separate spark channels is realized when
using a dielectric barrier in the form of dielectric plates covering one or both electrodes.

From the point of view of efficiency for technological purposes, pulse barrier discharge is an alterna-
tive to other types of discharges used for the same purpose [4]. In particular, it was shown that it is appropri-
ate to introduce devices based on this type of discharge for the generation of ozone and other active radicals
in the technologies of processing food products, contaminated water and air [5—7]. Another possible direc-
tion is the treatment of metal surfaces with high-energy electrons generated in the discharge to improve the
mechanical properties of the surface layer [8, 9].

Successes in experimental research of the PDBD are to a lesser extent supported by theoretical sub-
stantiation of the features of electrophysical processes, which is expedient for determining directions of im-
provement of its characteristics. The complex and multifaceted nature of electrophysical processes in electric
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discharge in general and to no less extent in PDBD determines the priority of the experimental direction of
work. However, this does not exclude also theoretical research, which goes in parallel with the experiment.
In this regard, we note a colossal number of journal publications and a large, but much smaller number of
monographic literature. According to the well-known gas discharge researcher Y. Reiser, when it comes to
theory, this is not least due to the extremely complex, multifaceted and confusing effects [10]. Therefore,
since this article is primarily aimed to obtain an idea of electrophysical processes, references are limited
mainly to several literary sources, which provide a sufficient amount of the necessary original literature.
These are primarily books that contain information about gas discharges of various types and directly about
pulsed discharges [10-16]. For the same reason, the study in the article is limited only to a certain initial
stage of the development of a pulsed barrier discharge, which, however, allows us to get an idea not only
about the dynamics and characteristics of this stage, but also to obtain practically necessary information.

A feature of the work is the study of a specific electrode system, to which a voltage pulse with a
given amplitude and time dependence is applied. Such restrictions correspond to typical values of the pa-
rameters of an experimental device that is being developed for the possibility of technological use [17, 18].
In addition, this allows us to limit the scope of the paper and provide an overview of a significant amount of
relevant data and performance characteristics of this device. The study of the specific system can simultane-
ously indicate approaches for a more general study of the PDBD.

The aim of the work is to determine the influence of the size of air gap and the time dependence of
the increase in the pulsed electric field to the characteristics of the avalanche stage of the PDBD from the
beginning of electron drift in the increasing electric field, taking into account the threshold nature of the im-
pact ionization process in the gas, the influence of photo-ionization to increase in the number of avalanches,
diffusion and electrostatic repulsion of electrons until the moment when the conditions for the beginning of
the streamer process are reached at the avalanche head.

Problem statement. It is considered the formation of an electric dis-
5 e charge in a flat system of electrodes to which the voltage pulse u(t) is ap-
plied. On the surface of the negative polarity electrode (cathode) there is a
dielectric barrier in the form of a flat dielectric plate of thickness d, with

relative dielectric permittivity ¢ . The discharge is formed in air gap of

thickness d; at atmospheric pressure p = 10° Pa (Fig. 1).

The PDBD in the electric discharge installation. Fig. 2, a shows a
typical form of the dependences for a single voltage pulse (red curve /) and
current (blue curve 2) in experiments with the PDBD in a system of flat elec-

E, E, trodes, to which pulses are applied, repeating at a frequency of 100 Hz [17,
- 5 — > 18]. The negative values of voltage and current correspond to the designa-
tions of the potentials in Fig. 1 and the choice of the positive direction of the
D E— current along the axis x . The presented oscillograms were obtained for elec-

-0 X trodes with a diameter of 28 mm and distance d; =1.5mm, the dielectric
¢ e=u(?)

Fig. 1 barrier with thickness of d, =1mm had a relative dielectric permittivity

d d>

A

¢ =4.74 . The voltage at the initial stage increases very gradually, its change
becomes noticeable only starting from the time point ~10-20 ns from the beginning of the presented depend-
ences. Without taking into account the almost zero initial stage, the pulse duration until reaching the maxi-
mum value is approximately ¢, =40—-50ns. The measurement results in the experimental technological

device, where another electrode system is implemented [7], are shown in Fig. 2, . Here the same character-
istic features are observed, in particular, the current reaches its maximum value in modulus at the voltage
before it reaches its amplitude value. Here the same characteristic features are observed, in particular, the
current reaches its maximum value in modulus at the voltage even before it reaches its amplitude value. A
certain difference consists in the existence of an additional local extremum on the decreasing modulus sec-
tion of the current curve after its maximum value. This circumstance may be due to the nature of the electro-
physical processes in the pulsed barrier discharge, and it will be discussed at the end of the article.

In the mathematical model for studying pulsed barrier discharge in the uniform electric field (Fig. 1),

the intensity of the external electric field in the gas gap £} = E; (without taking into account the parameters
associated with the electric discharge: volume and surface charges, charge transfer current, etc.) is defined as
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Ey(t) ) (1)

B dl + d2 /5 ’
The maximum value of the pulsed field strength in the example presented in Fig. 2, a is equal to

Eomax =130- 10° V/m. In comparison, the breakdown voltage for the same air gap in a constant field has a

much smaller value ~43-10°> V/m . The corresponding data based on the results of various authors are given

in [11] and shown in Fig. 3. It is significant that the pulsed discharge, depending on the rate of voltage in-
crease and the distance between the electrodes, can occur at a much higher voltage compared to the constant
voltage [12].
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The current in the discharge gap begins to increase sharply at approximately the same electric field
strength as the electric discharge in constant field. The current in this case increases to a maximum value

during ~10 ns and reaches it at the external field strength of £, ~90- 10° V/m . Then the current decreases

and, after a slight surge, takes on a zero value approximately at the time of reaching the maximum voltage
value, which is characteristic of the capacitive component of the current. Visually, photographs and high-
speed videos show that a homogeneous discharge can be in the form of a homogeneous glow or consist of a
significant number of individual luminous filaments [6].

The electric discharge process in the presence of the dielectric barrier cannot end with an electric dis-
charge in the classical sense, in particular: the Townsend mechanism of a pulsed discharge at such significant
overvoltage is unlikely [12]; the development of a single spark channel contradicts experimental data, its devel-
opment is prevented by the presence of a dielectric barrier. On the other hand, the ignition of a discharge at a
significant overvoltage may indicate the possibility of the formation of streamers, but as a multi-channel proc-
ess. Such features necessitate research of the pulsed discharge process in the presence of the dielectric barrier at
the cathode, taking into account the specific conditions for applying voltage to the electrode system.

The pulsed electric discharge process, including its avalanche stage, is a multifaceted phenomenon,
which includes, in particular, the process of increasing their number as a result of ionization phenomena,
electron diffusion, radiation and photo-ionization, excitation of neutral molecules, creation of a volume
charge along the entire path of the avalanche, including the special importance of the maximum field of the
avalanche head, and many others. In this work, the electric discharge process is analyzed based on the con-
sideration of the development of one avalanche of electrons. Thus, it is assumed that the field strength of the
volume charge of all avalanches, including the positive charge of the ion trace, is insignificant compared to
the field of the external field of the source. Such consideration makes it possible to focus on the main factor
in this case - the achievement of the local field near the avalanche head to the value at which the streamer
phase of the process begins.

Processes at the initial stage of applying pulsed voltage. The development of avalanche begins with
an initial electron, which, multiplying, turns into electron avalanche drifting in increasing field. The voltage

at the initial stage, based on Fig. 2, for estimates we will describe by the power function u(r)=k(t -1, )".

The value of ¢, ~ (10 - 20)~ 10™%s can be taken as the beginning of the dependence. The parameter k(n) de-
pends on the degree of the chosen approximation. At »=2 this parameter for the given example is equal
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approximately k = 2- 10" V/s?. The drift velocity of electrons in the electric field v,; = u,E is proportional
to its mobility x,. The mobility value for air at atmospheric pressure is assumed to be independent of the
electric field strength , = 51072 m? / (V-s) [13]. Then, taking into account (1), the time point ¢ —f; and

the electric field strength £, when the electron has moved a distance x—x; from the initial point x; from
the start moment of voltage application, are as follows

1/(n+1)
tl_tb:|:(X—X0)(n';1)l£d1+d2/8):| . (2)
n/(n+1) 1/(n+1)
R (x—xo)(n+l) [+t k
Bl XO)_{ He di+d, /e ®

The greatest field strength will be obtained in the case x—xy =d,, that is, for an electron that has
moved the maximum distance from the dielectric barrier to the opposite electrode. Table 1 shows the maxi-
mum electric field strengths E(, and times ¢ —¢, at the end of the electron motion for different air gaps d; at
the same voltage value and its dependence on time. Here and in the following we will consider distances in a
limited range of values that are more often used in experiments d; =1+3 mm . Other parameters of the elec-

trode system are left the same as in the experiment, the results of which are shown in Fig. 2, a.
Table 1

d,mm | E,10°V/m t-t, 107, s From the data in Table 1 it is clear that at the considered
1.0 39 15 initial stage for small distances the field strength does not reach
1.5 46 19 the values of the electric breakdown. Even for larger distances
2.0 51 24 the strength is still much lower, compared to the field strength,
3.0 59 32 where the current in Fig. 2, a reaches a maximum, which indi-

cates a change in the processes in the development of the electric discharge. In addition, when considering
the initial stage of the development of the electric discharge phenomenon, it is necessary to take into account
the different nature of the dependences on the field strength of the electron drift and the ionization of neutral
molecules. The latter, unlike the electron drift, has a threshold nature - ionization occurs only from a certain
threshold value of the electric field strength. This value for electronegative gases is determined by the
strength when the ionization coefficient begins to exceed the attachment coefficient. For air, the ratio of the
field strength to the gas pressure, these coefficients are equal at E/p ~(26-31)V/(m-Pa) [19]. This ex-

plains the significant importance of the rate of voltage increase, especially at the initial stage, since here the
voltage usually increases over time not linearly, but rather according to a law close to quadratic.

Parameters included in the calculation of processes in the PDBD. Since for calculations it is neces-
sary to take into account the change in voltage at least until the maximum value, we will use an approxima-
tion in the form in which for small values of time the dependence repeats the already applied approximation

u(t)=U,, sin"(wt). (4)
As an example, Fig. 4, a shows the dependences of the change in the electric field strength over time

for a number of air gap values d; when applying voltage with the amplitude U, =-25-10°V at

n=2,w= 7107 s , which corresponds to the time of reaching the maximum value ¢, = 50-10s. The
rate of voltage change % = U, sin(2wt) reaches at ¢=zx/ (4(0) the maximum value

oU,, =0.8- 10'? V/s which is close to the values used in the developed pulsed power sources [17] and in
experiments [6].

Starting from the threshold value, the ionization coefficient (number of ionizations when an electron
moves over distance 1 m under the action of electric field) increases. For quantitative analysis, we will use
the most common approximation of experimental data in the form [12]

%: Aexp{— ELJ’ %)
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where the coefficients 4 and B differ slightly from different authors [10, 12, 14, 20]. For further calcula-

tions, the following values [20] in the SI system of units, valid for discharges in air, are used:
E/p=15-114V/(m-Pa): 4, =6.46 1/(m-Pa), B, =190 V/(m-Pa); ©)
E/p=114-460 V/(m-Pa): 4, =11.1 1/(m-Pa), B, =277.4 V/(m-Pa).

In (5) and (6) the data refer to the effective ionization coefficient, which is the difference between the actual

ionization coefficient and the attachment coefficient.
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Since the electric field strength changes in time, the ionization coefficient a(E(¢)) changes accord-
ingly. Fig. 4, b shows the dependences of the ionization coefficient on time for the selected voltage pulse and
different air gaps. The values of the coefficients 4 and B are adjusted to each other in different ranges of
the ratio E/p . From the comparison of the data in Fig. 4, b and Table 1, it follows that for the initial stage of

applying voltage pulse during the movement of the electron avalanche over the distance d, the value of the

ionization coefficient « is still far from the maximum magnitude that can be achieved for this interval.
Therefore, the electric discharge process can develop further by increasing the number of electrons in the
avalanche or new avalanches due to the mechanisms of the appearance of initial electrons at a later time.

In each electron avalanche, during its movement in the electric field and the growth of the number of
electrons, the process of their diffusion takes place. This process develops simultaneously with the electro-
static repulsion of electrons in the avalanche. These processes affect the size of the avalanche and it, together
with the number of electrons in the avalanche, directly determines the electric field of the volume charge,
which is added to the field of the external source. The transition of the avalanche form of the discharge to the
streamer form occurs when the electric field strength created by the volume charge E' of electrons reaches
approximately the magnitude of the external field

£~ |Eo @

This condition or the associated critical number of electrons in an avalanche N, = 10% -10® are giv-

en in the results of many studies [10-12, 15]. In the following, in contrast to the current value, the field
strength under condition (7) will be denoted as E| .

The parameters necessary for studying the discharge development process based on condition (7), namely
the electron diffusion coefficient D, , their mobility s, , and the electron temperature 7, which can differ sig-
nificantly from the gas temperature, depend on the electric field strength, which for the pulsed mode varies in

time. These quantities are not independent and are related by Einstein's general thermodynamic relation

D, _"le (8)
He €

where £ is the Boltzmann constant, e is the electron charge.
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For further analysis, data from [10] are used, which are presented in Fig. 5 in graphical form. The
calculated (dashed curves) and experimental (solid curves) results for the drift velocity v,; = ¢,E and char-
acteristic energy D, /u, are given as a function of the ratio of the electric field strength to the number of
molecules per unit volume E/n.

Mechanisms of the appearance of initial electrons in the electrode system of pulsed barrier dis-
charge. The estimated movement of the electron avalanche and, accordingly, the electric field strength (2),
(3) assumed the existence of initial electrons. Since at the initial stage from the moment of applying the volt-
age pulse, at least for d; <1.5mm, the conditions for the transition of the avalanche discharge into a strea-

mer discharge are not yet created, then for the continuation of the ionization process there must be a mecha-
nism for restoring the initial electrons, which move already at a higher pulse voltage. What is this mechanism
is not investigated in this work; however, it is assumed that such electrons appear due to certain mechanisms,
in particular, detachment from negative ions and photo-ionization.

If we consider a single pulse or the first of a sequence of pulses, then the initial electrons in the initial
period are those that appeared due to the natural background radiation. Under the influence of such radiation,

the rate of appearance of electrons in the air is dn, /df = 10°-107 m>.s! [12], where n, is the electron

density. The presence of oxygen in the air leads to the attachment of electrons. This process in dry air occurs
most effectively in triple collisions, which is described by equation [10]

e+0,+0, >0; +0,, %z_anenéz, )

where the experimental value of the reaction rate constant is &k, =2.5- 107 m$ / s . Hence, the electron den-
sity decreases in time from the initial value 7, according to exponential law with the time constant 7,

ne=ngexp(—t/ty ). 7y = 1/ ("CM”%2 ) (10)

which is found to be 7, = 12.5-107s. It differs slightly from the value 7,, = 11-10~%s, which takes into

account the intermediate excited states of oxygen molecules [10]. The result obtained implies that almost all
electrons that appear as a result of natural ionization very quickly attach to oxygen molecules, the ions of
which can no longer create avalanche of electrons in the electric field.

In the strong electric field, the attachment rate increases with increasing field strength, and the faster
the higher the air humidity [19].

The dynamics of the appearance of electrons as a result of detachment from oxygen ions is also de-

scribed by the exponential law of the decrease in the density of negative ions from the initial value ny o -
2

The time constant 7, characterizes the “lifetime” of negative ions and is determined by the constant rate of

electron detachment k,; = 10720 m? / s [10]
o =M0; exp(—t/ry), 74 =1(kyny), (11)

where n; is the density of gas molecules, which for normal conditions of the air under consideration is the

Loschmidt number n; =2.69- 10%> m™. From (11) we obtain the time constant 74, =3.7- 107%s.
During the time the pulse reaches its maximum value ¢,, in the space between the dielectric barrier
and the anode, electrons with the density n, = o= [1 - exp(— kyngt,, )] may appear as a result of detachment.
2

For example, for the selected time ¢,, =50- 10~%s, the value of the density of the detached electrons will be

n _1.3-1072m 3. If the density ny o= is determined by the process of natural ionization of the air
2

e ¥y 03
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with subsequent attachment, then at » ~5.108 m™> [13] we have n, = 7-10°m ™. In the volume of the

00;

air gap with the surface of the electrodes §, initial electrons 7-106Sd1 will appear during considered time.

In this case, in the experiment, the oscillograms for which are shown in Fig. 2, a, only ~10 electrons appears
at an arbitrary point in space with equal probability in the time interval. These electrons in the electric field
multiply and move towards the anode. The process of increasing the number of electrons is more effective,
the closer to the barrier the initial electron appears and the greater the field strength at the moment of elec-
tron detachment. In addition, it is noted that in air in the electric field, the efficiency of electron detachment

from negative ions O is maximum at E/p =68.5V/(m-Pa) [12].

Since in the device in which the electric discharge processes are analyzed, the pulses follow each
other with a frequency of 100-200 Hz, the effective initial electron will appear, if not in the first, then in one
of the nearest subsequent pulses. The described process may be more effective with a much higher density of
negative ions, which will remain, for example, as a result of the previous pulse discharge. And indeed, in
experiments, stabilization of the discharge is observed after a certain number of initial pulses.

It is believed that the initiation of avalanche processes may be associated with the phenomenon of
photo-ionization. The ionization of molecules in an electron avalanche is a source of photons, which in their
energy spectrum have a sufficient number of photons with energies capable of leading to the ionization of
molecules. There are several ionization mechanisms involving photons, a detailed list of which is given in
[10]. After the establishment by H. Raether [15] of the fact of gas ionization by a spark discharge, experi-
ments were conducted on ionization by radiation from electron avalanches [21, 22]. In contrast to the spark
discharge, an essential feature of the pulsed barrier discharge is its distribution over almost the entire area of
the electrodes. This feature most likely is directly related to the initiation of a multichannel discharge by pho-
tons appearing in the heads of the electron avalanche and the streamer. Their number increases sharply both
due to the exponential growth of the number of electrons in a single avalanche and the growth of the number
of avalanches and streamers in the increasing pulsed field.

Let us give some estimates of the ionization by photons, which generate initial electrons in air. The
impact ionization of molecules in the air is accompanied by the emission of photons of different frequencies.
Such radiation is characterized by a set of parameters ;5 which is defined as the number of photons of a

certain frequency per one ionizing of electron collision with neutral molecule. The values of ;s for the fre-

quencies at which the photo-ionization process is possible, are within n, = 1072 +1072, and their values also

depend on the electric field strength [22]. The radiation intensity at the certain frequency directly at the head
of the avalanche at zero distance from it » =0 can be determined as the product N; (0)=N,n j» where N, is
the number of electrons in the avalanche. For estimates, we will take the value 77, = 5.4-107 for the radia-
tion of nitrogen molecules with a wavelength 4=101.2nm and the corresponding radiation intensity
Nf(o): Nenf .

The radiation in air with distance » from the source for each frequency is attenuated by the law
exp(— k jr), where the absorption coefficients k; depend on the frequency of radiation. Their values accord-

ing to measurements for air at atmospheric pressure are within 150+2200 m™. As an average value for the
characteristic field strength, we will take the value &, ~ 460 m'l, which corresponds to the same length of

the electromagnetic wave A =101.2 nm. The characteristic distance at which the number of photons de-

creases by a factor of e, is k]_rl ~2-10m and it is commensurate with the air gap d;. But this may be in-

significant, considering that for the appearance of subsequent avalanches in growing pulsed electric field, a
small number of initial electrons is sufficient, which can appear in a narrow gap near the barrier.

From the point of view of increasing the number of electrons in the avalanche reaching the anode, the
most effective initial electrons generated by the photo-ionization are those that appear near the dielectric barrier
in a layer of a certain thickness A, shown in the upper part of Fig. 1. The largest number of electrons in ava-
lanche, in which the condition of transition into the streamer has not yet been reached, will be when it ap-
proaches the anode. Here, photons N ¢ (0) are emitted from the avalanche head in all directions. Under the as-
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sumption that the decrease in the intensity of the photon flux is associated with photo-ionization, we obtain the
maximum possible value of the acts of appearance of initial electrons. In this case, it is easy to find the total
number of photons within the thickness of the layer A, which lead to photo-ionization. The ratio of their num-
ber to the number of electrons in the avalanche N ¢ / N, is estimated from the following expression

12
Noys v d A ( d, j
—=2 -k I-—— | |- ks de, 12
N, myf_([l}xp[ ! cos@( dy N P cosé (12)

where 6, = arctg(D/ dl) is close to /2, since the characteristic size of the electrodes D significantly ex-

ceeds the distance d; .

Relation (12) allows us to estimate the minimum number of electrons in avalanche near the anode,
the radiation of which, due to photo-ionization, generates at least a few new initial electrons that will initiate

new avalanches. So, within the limits A4/d;=0.1+0.2 for a’1=1.5-10_3 m the relation gives

Nos / N, = (1.7 +3.5)- 1073, Hence, for example, for ten new electron avalanches, it is necessary to have a

maximum number of electrons in the head of the first avalanche not less than N, > (3+6)‘103 . For other

sizes of the air gap, the corresponding number of electrons differs slightly in order of magnitude.

In the case when the number of electrons in the avalanche significantly exceeds the minimum value,
expression (12) gives the number of new avalanches of the second generation stage caused by the previous
avalanche of electrons. Since the intensity of the pulsed electric field is significantly higher in the second
stage, the number of ionizations in the avalanches will also lead to larger number of emitted photons. This
process can become quite intense even before the avalanche reaches the anode. Below is an analysis of the
distance the avalanche overcomes and the number of electrons in it. Here we note that for the estimation of
the number of photons from (12) it is necessary to choose a correspondingly smaller value x; <d; instead

d, and to expand the range of the region A where photoelectrons are generated. Moreover, the equation (12)

can be used also, when the number of electrons approaches the critical value under the condition (7) of the
avalanche-streamer transition in the middle of the gas gap. In this case, to obtain the estimate of the number

of photons can be obtained from (12), where the distance x; from the dielectric barrier to the coordinate of

the avalanche head with the critical number of electrons can be accepted.

Since the main goal of the work is to study the development of avalanches until the conditions of the
start of the streamer process, the processes of the appearance of initial electrons, the increase in the number
of avalanches due to subsequent photo-ionization, and the multi-channel avalanche state are not considered
in more detail. However, it is believed that the barrier discharge occurs under conditions when there is a suf-
ficient number of initial electrons that generate the avalanche process.

Electron avalanches in the pulsed field of the barrier discharge device. A feature of the devel-
opment of the avalanche process when the dielectric barrier is located at the cathode, in contrast to the free
cathode, is that there is no emission of electrons from the cathode. As a result of electron detachment from
negative ions or photo-ionization, electrons can appear at any point in the discharge space at any moment of
the pulsed electric field action. For one individual avalanche the initial values of the time and coordinates of
the electron appearance are denoted as ¢, and x .

The electric field strength of avalanche charges distributed in the volume is insignificant throughout
the entire time of avalanche growth, almost until the condition of transition into a streamer is reached [10].
Therefore, all parameters up to this point will be considered dependent on the external field strength in the
air gap Eq(z).

Taking into account the dependence of the parameters on the electric field strength, which varies in
time, the distance that electrons move over time and the number of electrons in a single avalanche are deter-
mined by the following expressions

t
x(t)=xg = [vealt)dt , (13)

)
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t
Ne(t):exp Ia(t ed(t)dt ) (14)
to
where the data in Fig. 5 are used for v,;(E(¢)), and for interpolation beyond the values of the electric field
strength in the figure, the dependence v, (E)~ VE [10, 13] is used. The ionization coefficient is determined
by approximation (5), (6). In expressions (13), (14) the time and movement of electrons are limited by the
avalanche reaching the opposite electrode or its transition into streamer x(t)— Xg<d;—xg.

For the selected range of the air gap d; =1—-3 mm, the time required for the electrons to reach the
anode due to drift in the pulsed electric field is significantly less than the time of the maximum field strength
t,, =50ns. This can be seen from the time dependences on the coordinate x (Fig. 1) presented in Fig. 6. If
the movement of electrons does not begin from the dielectric barrier, but at a distance from it, then on the
corresponding curve it is necessary to choose a limited range of distances from zero to x —x; .

Since the voltage and, accordingly, the field strength at the initial stage at #y =0 increases gradually,
the time for electrons to reach the anode significantly exceeds the values required to reach the anode at sub-
sequent stages at higher pulse field strengths. At field strength approaching its maximum value, the time re-
quired to cross the entire gap for d; =1 mm does not exceed 3 ns. This time increases for larger distances,
but even for d; =3 mm it is ¢#~10ns, which is still significantly less than the time 7,, to reach the maxi-

mum pulse voltage. The results presented allow us to compare the nature of the avalanche movement with
their growth and the increase of the field strength distributed charge near the "heads" of the avalanches at
different time intervals.

5, ns t,ns t,ns

15 20 40 [ T3 mm

12 16 30
t;=0,ns —
9 12 t=0,ns =0, ns 10

20

10 20
~ 20 8 20

3 1 304 10
| / = !
=4 % 30 40
% 02505075 1x, mm 00 05 1 1scmm 20 1 2 3 xmm
a b ¢
Fig. 6

The results of calculating the number of electrons in avalanche depending on the path moved by the
avalanche from its origin at different initial times ¢, for different air gaps d; are shown in Fig. 7. Here,

similarly to Fig. 6, in order to obtain data under the condition of the start of electron movement from the co-
ordinate X, it is necessary to limit the curves to the distance x — X, starting from the zero value.
Comparison of the curves at ¢y =0 for different air gaps shows a significant dependence of the elec-
tric discharge processes at the initial stage on the size of the gap d; in the range under consideration. For
dy £1.5mm the maximum number of electrons in the avalanche is probably insufficient for the appearance
at least one ionizing photon. The minimum number of electrons in the avalanche turns out to be less than the
value determined from (12), which is estimated by the value N, ~10° —10*. For these gaps, at the first

stage, all electrons that existed in the gap before the voltage was applied will move to the anode and there
will be no necessary initial electrons left in the gap, for the appearance of which, as noted, a much longer
time than ~15 ns (see Fig. 6, a). The mechanism of ignition of the pulsed discharge observed in experiments
is not entirely clear and requires additional research. One possible mechanism may be a significant reduction
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in the time of detachment of electrons from negative oxygen ions at a significantly higher intensity of the
increasing pulsed field (Fig. 4, a).
For air gaps d; > 1.5 mm, after the first stage of the gap crossing by avalanche, the conditions of a

multichannel avalanche process are fulfilled. In addition note for gaps d; =3 mm (Fig. 7, d) and larger, the

appearance of a number of electrons in the avalanche N, = 10 —10® sufficient to start the streamer process

takes place already at the first stage after the voltage pulse is applied. This circumstance can lead to the lo-
calization of individual discharge channels, which is indeed observed in experiments for such gaps and also
depends on the pulse repetition frequency [6].

The air gap d; ~1.5mm seems to be intermediate from the point of view of the development of the

pulsed barrier discharge. For this gap, only single photoelectrons probably appear at the first stage. But al-
ready at the second stage, starting from the time point ~ 20 ns in a much stronger field, the number of elec-

trons in the avalanche increases rapidly. Their number can reach the critical value necessary for the appear-
ance of streamer, even in the central part of the gap. In this case, a significant number of photons N7, can

lead to photo-ionization of the gas in larger volume than at the first stage of the development of the electron
avalanche.

Neo d;=1 mm 1](\)’e d\=1.5 mm foo d,=2 mm N, d=3 mm
10' v // / 10 / / / 10" / /
30 30

10° // / 10° 10° 10°
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sl S ] L) e
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10 100 VA
%/ M Z/ 1=0,ns ///tg)—o,ns

1
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Fig. 7
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1

Avalanche-streamer transition in the PDBD device. The study of the avalanche-streamer transi-
tion will be based on achieving condition (7), when the maximum value of the electric field strength of the
space charge of the electron avalanche reaches the external field strength. The field strength of the space
charge eN,, in addition to the total charge value, depends on the geometry of the area of the space charge
location, its size, and the charge distribution in the area. These characteristics are influenced by two main
physical processes: diffusion extension of electron formation and electrostatic repulsion of electrons in the
avalanche [10, 12, 16]. At the initial time point, the rate of growth of the avalanche size due to diffusion sig-
nificantly exceeds the rate of its growth under the action of electrostatic repulsion. With the increase in the
number of electrons in the avalanche, the rate of electrostatic repulsion increases sharply. In a constant field,

starting from N, ~ 10 , the size of electron cloud is already determined by electrostatic repulsion [10, 12].

But in a rapidly growing pulsed field, when a significant overvoltage occurs, this relationship may change
[12]. Therefore, it is necessary to consider these processes in more detail, taking into account the characteris-
tics of the electric field pulse in the barrier discharge device.

When electrons drift with a velocity v,; = 1, E , the electron cloud expands due to diffusion around
the central point of the avalanche, the position of which is determined from (13). The electron flux density
F , taking into account the drift in the electric field and diffusion in vector form, is

F=-n,u,E—-D,n,, (15)
where n, is the electron density, V is the Hamilton differential operator.
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Taking into account the rate of increase in electron density due to ionization g = av,4n,, the conti-
nuity equation for particles has the form [10]

a”: +divF =gq. (16)

The solution of equation (16) was obtained in [16] for avalanche originating from a single initial
electron in the case of constant uniform external electric field. The electron density in the avalanche as a
function of time ¢. = -1, the coordinate of the point x —x(, and the distance r relative to the axial line of

the avalanche movement is determined from the expression

((X—XO)—Vedlc)-f-l"z ] (17)

—3/2
n, = (471'Detc) / exp| av g t, — AD.1
e'c

We will use (17) also for the pulsed field in the case when the avalanche is initiated at a time for

which the electric field strength significantly exceeds the threshold value ~30-10° V/m. Then, during a
short period of time required to achieve condition (7) of transition the avalanche into the streamer, the exter-
nal field strength changes by a small amount and, accordingly, the parameters in (17), determining the diffu-
sion expansion of the electron cloud, change insignificantly.

To study the electric field strength of volume charge, the main issue is to obtain the dimensions of
the area where the charge is concentrated, and its distribution in this area. To do this, at a certain moment of
time from the beginning of the avalanche movement, we fix the central point of the avalanche (xc —xo),

which meets the condition (x, —x()—Vv,gt, =0. In this case, the expression (17) can be represented in the

following form
2

—3/2 r
n, = (47zDetC) / exp{avedtc 2

2
} (4Dt )Y 2Ne(rc)exp[— o J (18)

etc

The distribution of electrons in moving avalanche has radial symmetry and its density decreases with
distance from the center. The differential radius of the avalanche, at which the density decreases by a factor

of e compared to its value at the center, is determined by the law R, =,/4D,¢. . This value is often used to

study the distortion of the electric field by the distributed charge and the achievement of condition (7) of the
avalanche-streamer transition at this radius. The radius R, differs from the radius at which the field strength

reaches its maximum value R,,, which more closely corresponds to the content of condition (7).
The electric field strength of the charge distributed with the volume density en, is determined by the
expression

eN,(t.)

-
E'(r,1,)= en 47W'2dr'=—f(r,t ), (19)
¢ 472'807‘2 '([ ‘ &0 (47[Detc )_3/2 ‘
where only the function f(r,z.) depends on the radius r
17 2
72 4
b )=— exp| — dr'. 20
flrte) r2 J XI{ 4Detc] ' .
0

The function f (r,tc) depends on the time 7. that has passed from the initiation of the avalanche ¢,
to the current moment ¢. The diffusion coefficient D, also depends on the electric field strength
Ey(z, +15). The maximum of the function f(r,z.) gives the maximum electric field strength on the surface
of a sphere of radius R,, for radially distributed charge. However, it should be noted that the difference be-

tween the radii Rp and R, is not too large to significantly affect the results. For example, for

ISSN 1607-7970. Texn. enekmpoounamuxa. 2025. Ne 4 13



dy=2mm, ¢y =23.7ns,t. =4ns we have the following values: R = 5.1-102mm, R, = 475102 mm.
In the future, to study the condition for achieving the avalanche-streamer transition (7), we will perform the
calculations for the radius R, .

Another reason for the growth of the head size of electron avalanche is electrostatic repulsion. It is
usually assumed that it has a spherical shape [10, 12, 13]. The growth rate of the radius of the sphere is de-
termined by the drift of electrons in the charge field of the avalanche. The assumption is valid when the ex-
ternal field does not affect the electron drift. This is explained by the superposition of fields - along direction
of avalanche movement the field increases and, accordingly, the speed of the electrons increases too, in the
opposite direction the field and the speed of the electron drift decrease. Only in the transverse direction the
the electric field strength is determined by charge of the electrons, however, to explain the basic properties of
the process, the above assumption is usually made regarding the growth rate of the charged sphere

RN,

=u,—=. (21)
dt ¢ ¢ 47Z'6‘0R]2:
The solution of equation (21) with respect to the radius of the sphere Ry is
. 1/3
3e ¢
Rp (tc) = '[/ueNedt . (22)
47[80 0

The maximum electric field strength E’ of the distributed charge will be on the surface of the sphere radius
Rp, the value of which is due to the electrostatic repulsion of electrons in the avalanche.

The growth of the avalanche radius due to electrostatic repulsion is limited by the braking effect as-
sociated with the opposing action of positive charges that are exposed when electrons leave them. It is be-

lieved that the size of the electron cloud is limited by the approximate condition when the radius is equal to

the ionization length Ry ~ al.

Which of the mechanisms - diffusion or electrostatic repulsion - is predominant when the field
strength of the distributed charge reaches the limiting value (7) depends on the rate of increase in the external
electric field strength. As can be seen from Fig. 7, initiallyafter applying voltage the number of electrons in
the avalanches during the drift time to the anode does not reach the values typical for the avalanche-streamer
transition. Therefore, let us consider the growth of the size of the electron avalanches, starting conditionally
from the second and subsequent stages (second and subsequent generations). For the beginning of each sub-
sequent stage, we will take the time moments #, corresponding to the drift time of electrons from the dielec-

tric barrier to the anode during the previous stage. Such a choice for d; =1 mm is to some extent justified by

the fact that the largest number of electrons in the avalanche will be when it passes the maximum distance.
According to the estimates of the number of electrons in the avalanche from Fig. 6 and 7, the avalanche-
streamer transition can take place for the second generation near the anode. The choice for d; =3 mm the

beginning of the third generation is conditional, since already at the second stage the avalanche-streamer
transition is realized when the avalanche reaches the middle area of the gap. Therefore, the choice ¢, at these
stages does not characterize the development of the avalanche process, but only gives a discrete choice .
Fig. 8 shows the dynamics of the growth of the electron cloud radius. The calculation results are
shown for two extreme cases of the air gap d; =1 mm and d; =3 mm. Fig. 8, a and Fig. 8, c refer to the gap
dy=1mm, Fig. 8, b and Fig. 8, d refer to d; =3 MM . In the figures for the same d; the data differ by the
beginning moment #; of the avalanches development for the second and third avalanche generations. The

maximum value of the selected time intervals of the growth of the radius of avalanches approximately corre-
sponds to the time of reaching the critical number of electrons in the avalanche, when it transforms into the
streamer form.

The presented dependences show an initially slow, and over time a very rapid growth of the ava-
lanche radius due to electrostatic repulsion, the speed of which begins to significantly exceed the diffusion

growth. At the same time, the radius limitation Rp < a~! shows that for the pulsed process the diffusion
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radius exceeds the radius of electrostatic repulsion. This radius ultimately determines the condition of
achievement of the avalanche-streamer transition. This situation occurs both at the second and third stages of

avalanche development.
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If the process continues further, then due to the increase in
the field strength in subsequent generations, the diffusion radius, as
before, will be decisive.

For different air gaps, we will determine the main parame-
ters at which the avalanche transforms into the streamer. To do this,
it is necessary to find a solution to equation (7), where the left part is
determined from (19), and the right part is the given external electric

field (1), (4) for the selected initial data: Um=—25-103 Vv,

n=2w=r-10’ s’ The equation was solved relative to the time
t. =t, of occurrence of the condition of the avalanche-streamer
transition at the given values of the air gap d; and the time ¢, of the
beginning of the avalanche development. For each d; the three con-
secutive values of time #, were conditionally selected, which, as

before, are counted from the start of the applied voltage to the time
that would be required for the electron to overcome one, double and
triple distances d; .

Fig. 9 for each d, illustrates the change in time of the exter-
nal field strength |E0| (dashed line) and the field strength of the
electron avalanche charge |E '| (solid curves) near the fulfillment of

condition (7) for the three specified time points #;. The intersection

of the corresponding curves gives the time of the avalanche transi-
tion into the streamer and the electric field strength of the such tran-
sition. In addition to these data, Table 2 also shows other transition
parameters: the distance that moved the avalanche x,—x,, the
number of electrons in the avalanche at the moment of transition
N, , radius of the avalanche R, , the average energy of electrons,

es *

which is related to their temperature in the avalanche W, = %kT

The data for three consecutive time points ¢, to which Fig. 9, a, b, c
correspond, are located one below the other in the Table 2.
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For the second generation of electron avalanches (Fig. 9, a),

Table 2
d;, m 1o, NS t,, NS Xg-Xp, M N R, m E,, V/im W, eV
14.67 4.54 0.90-10 3.43-107 5.45.10° 66.5-10° 7.51
1-10° 19.63 1.44 0.37-10° 1.44-107 3.24-10° 78.0-10° 8.74
23.35 0.69 0.20-10° 0.95-10’ 2.38-10° 97.0-10° 10.2
19.35 3.84 0.79-107 2.80-107 4.96-10° 64.8-10° 7.31
1.5-10° 26.04 1.09 0.29-10° 1.18-107 2.87-107 82.8-10° 9.19
31.30 0.58 0.18-10° 0.89-10’ 221107 103.7-10° 10.5
23.72 3.41 0.72:10° 2.41-107 4.65-10° 64.1-10° 7.22
2-10° 32.20 1.0 0.27-10° 1.11-107 2.75-10° 84.4-10° 9.33
39.13 0.60 0.18-107 0.88-107 2.23.10° 101.7-10° 10.4
32.04 3.20 0.69-10° 2.14-107 4.46-10° 62.3:10° 7.02
3107 44.70 1.28 0.33-10° 1.22:10’ 3.03-10° 76.6-10° 8.60
56.15 1.39 0.35-107 1.23-107 3.11-107 73.6-10° 8.29

for all gaps d;, the characteristic field strength of the avalanche-streamer transition is Eg ~ 60-10°V/m. In
this case, the avalanche development time is within ¢; =3 —4.5ns, increasing with decreasing gap d;. The

distance that the avalanche moves before its transformation is different for different gaps. At the smallest
dy =1 mm, the transformation of the avalanche into streamer takes place near the anode, when the avalanche

has overcome almost the entire gap. That is, the electrons that appear directly at the dielectric barrier will be
effective in generating streamers. For larger gaps, electrons appearing in a wider part of the air gap will be
effective. This applies to relatively large gaps to the greatest extent.

For example, for d; =3 mm, the avalanche only needs to move the distance x; —x; =0.69 mm, i.e.,

initial electrons appearing at almost any point in the gap will be effective. Moreover, each avalanche, and
especially the avalanche that has turned into the streamer, is an intense source of photons. Therefore, photo-
ionization in this case is generated by avalanches that appeared not only at the time ¢, of the beginning of

the second stage. During the time between the beginning of the second and the next stages, several succes-
sive avalanche processes are generated. They also generate photons. The average energy of electrons in the
avalanche, which turns into streamer, at this stage depends only slightly on the size of the discharge gap and

is W,, ~7-7.5eV . The average energy of electrons in the avalanche and the corresponding electron tem-
perature are determined from (8) for the electric field strength E . Since such field strength is realized in

certain areas of the avalanche and the issue of energy relaxation in the field that changes rapidly in time and
space has not been investigated, the given value of the average energy of electrons under conditions of ther-
modynamic equilibrium gives only estimated values.

For the following selected values of time #, from the beginning of the voltage pulse, all the above-

mentioned features occur, which, however, are much more intense. So, for the next time stage after consid-
ered (the third stage of avalanche generations, Fig. 9, b, the second row in the Table 2), the electric field

strength of the avalanche-streamer transition has the larger value Eg ~ 80-10°V/m , the time of avalanche
development decreases to values ¢,=1-1.5ns, the growing avalanches cover shorter distance
xg — X ~03-0.4mm and, accordingly, several successive systems of avalanches and streamers may appear
until next time ¢ . In the electric field of greater intensity, the average energy of electrons at the moment of
its transition into the streamer also increases W, ~8.6—9.3eV, and larger values are achieved for the aver-
age value of the gap d; =1.5mmand d; =2 mm.

Even more extreme parameters occur with a further increase in the pulse voltage, which is reflected
in Fig. 9, ¢ and in the third row of the Table 2 elements. Here, the electric field strength of the transition of

avalanches to the streamer form has values E ~ 100-10°V/m (except for the case d; =3 mm where the

field strength in the gap is the smallest and already decreases at given time interval). The distance that ava-
lanches need to move before the transition has even smaller values x, —xy ~ 0.2 mm and in essence it is nec-

16 ISSN 1607-7970. Texn. enekmpoounamuxa. 2025. Ne 4



essary to consider a continuous process of avalanche-streamer transitions. The number of streamers in the
gap increases even more. The average energy of electrons in the avalanche for the gaps d; =1-2 mm also

increases slightly W, ~10.2—10.5eV , almost not differ for different gaps.

Referring to Fig. 2, a of the experimentally measured time dependences of the pulse voltage and cur-
rent for the gap d; =1.5mm, we can make an assumption about the explanation of the current reaching its

maximum at E ~90-10°V/m through ~30nc after the beginning of the voltage pulse increase. These

measured parameters are consistent with the calculated ones for three or four stages of the avalanche process
development.

The explanation may lie in the strong increase in the number of electron avalanches that transform
into streamers with increasing pulsed electric field strength. At this, the time required for avalanches to trans-
form into streamer form is significantly reduced. In addition to the significant drift velocity of avalanches,
each streamer, growing in both directions towards the anode and the cathode, almost short-circuits the gap
[10], leaving a positive charge on the dielectric barrier. In the place where the streamer touches the barrier,
the entire voltage is applied to the dielectric plate. In order for the average value of the electric field strength
throughout the air gap reaches the required minimum, which corresponds to a significant reduction or termi-
nation of ionization processes, the surface density of the positive electric charge on the dielectric barrier must
have a certain minimum value. Such a value probably determines at the same time the average distance be-
tween the streamers that have reached the barrier. In such process, after very rapid transfer of charges over
time <1ns and, accordingly, a significant current, the movement of charges will stop. After that, as can be

seen from Fig. 2, the current in the outer circuit decreases sharply and is determined mainly insignificant (by
the estimated) capacitive current through the dielectric barrier.

If the voltage continues to increase, the field strength in the gap increases again. This can lead to the
appearance of another local extremum for the current, which is often observed in experiments. The extre-
mum is clearly visible in the graph of Fig. 2, b and is noticeable near the zero current value in Fig. 2, a. After
a second surge, the current reaches zero value at the moment of the voltage maximum, which is characteristic
of the capacitive current. Regarding the second local current extremum, it should be noted that its appearance
may also be due to another reason. In [18], the appearance of the extremum was explained by the arrival of a
reflected current wave propagating along a high-voltage cable. The real reason for the appearance of the sec-
ond extremum in the current oscillogram requires additional investigation.

The assumptions given above define only one of the necessary directions for further research. How-
ever, it seems that in the study of electrical discharge processes, and especially pulsed ones with the presence
of the dielectric barrier, the determining factor remains the experiment, the correspondence to the results of
which is mandatory in theoretical research.

Conclusions.

1. Computational studies of the avalanche stage of the pulsed barrier discharge with the dielectric
barrier located on the cathode, which were carried out for the specific electrode system with air gaps within
1+3 mm, voltage pulse with the amplitude of 25 kV and time of its achievement 50 ns, showed that the con-

dition of the avalanche-streamer transition is achieved during the growth of avalanches starting at photo-
ionization by photons that appear as a result of impact ionization in the gas and take place from the second
stage of avalanche generation. After three or four stages, the avalanche-streamer transition occurs at the volt-
age that slightly depends on the air gap and has value in the range of 80-100 kV/cm. For the test gap of
1.5 mm, this value, as well as the time ~30 ns after voltage application when this field strength is reached, is
consistent with the same value in the experiment at the moment when the maximum current value is reached.

2. For the considered air gaps and pulse voltage parameters in the pulsed barrier discharge device,
the radius of the electron avalanche, which together with the number of electrons gives the electric field
strength of the avalanche-streamer transition, is determined by electron diffusion and exceeds the size of the
avalanche, which expands due to the phenomenon of electrostatic repulsion.

3. At the first stage of electron drift, which starts with the beginning of the voltage pulse and ends
when the electrons reach the anode the number of ionizations capable of emitting the required number of
photons strongly depends on the size of the air gap in the range under consideration: for gap smaller than
1.5 mm, due to the small number of ionizations in the avalanche, the probability of photon emission is small
and after the end of this stage the gap remains without of the initial electrons; for air gaps greater than 1.5
mm, as a result of the first stage of the avalanche movement, the conditions of the multi-channel avalanche
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process are met due to photo-ionization; a gap of ~1.5 mm seems to be transitional from the point of view of
the continued development of the pulsed barrier discharge due to photo-ionization at the first stage.

The work was supported by state project "Development of the theory and modeling of non-stationary
electrophysical processes in the conducting and dielectric media of the pulsed electromagnetic systems"
("Barrier-3"), KPKVK 6541030.
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EJEKTPO®I3UYHI TPOLHECHU PO3BUTKY JIABUH EJIEKTPOHIB B IIOBITPI
Y IPUCTPOI IMITYJIbCHOI'O JIEJEKTPUUYHOI'O BAP’EPHOI'O PO3PAY

}O.M. Bacenbkmuii, TOKT. TEXH. HAyK

Incturyt eaexkrpoannamiku HAH Ykpainu,
np. Bepecreiicbkuii, 56, Kuis, 03057, Ykpaina.
E-mail: yuriy.vasetsky@gmail.com.

Memoro pobomu € usHAUEHHA BNAUBY BETUUUHU MIHCENEKMPOOHO20 NPOMINCKY I 4ACOBOI 3ANeHCHOCII 3DOCMAHHSA iM-
NYIbCHO20 eleKMPUYHO20 NOJIA HA XAPAKMEPUCTUKU JTA8UHHOT CIayii iMRYIbCHO2O Oap €pHO20 po3pAdy 8i0 NOYAMKY
Opelighy enekmpoHia y nocmynogo 3pocmaroyomy eneKmpuyHoOMy nOJi 3 YPAXYBAHHAM NOPO20B020 XAPAKmepy npoyecy
yoaphol ionizayii @ 2asi, éniuey pomoionizayii Ha pO3IMHOICEHHS. TAGUH, OUPY3IT i eNeKmpPOCMAMUYHO20 POUINOBX)-
BAHHA €leKMPOHI8 00 MOMEHM) OOCACHEHHA ) 207108yl NABUHU YMOBU NOYAMKY cmpimepHozo npoyecy. Po3paxynkosi
00Ci0HCeH ST NPOBeOeHT OISt KOHKPEmHOI eleKmpoOHOi cucmemu 3 OlereKmpudHum 6ap €pom Ha Kamooi 07isi 243068020
npomisicky 1-3 MM, imnynscy nanpyeu 3 amniimyooro 25 kB i uacom it docsienenns 50 He. 3uatioeno, wo nicisi mpvox-
YOMUpPLOX emanie eenepayii 1aeun ix nepemeopenis y cmpimepi 6iodysacmocs 3a Hanpysxcenocmi nonst 80-100 xkB/cwm,
sakuti nacmae yepes ~30 HC nicna nodaui nanpyau i ciabKo 3anexcums i0 8EIUYUHU 24308020 NPOMINCKY. 3 ’sc06ano,
Wo 05l eKCHEePUMEHMY 3 MeCMOBUM NPOMIdCKOM 1.5 MM maKi 3HaueHHsi Hanpyscenocmi i 4acy marome micye 6 Mo-
Menm 00CACHEeHHsI MAKCUMANbHOT 6enuyuHy cmpymy. Bemanoeneno, wo posmipu nasunu enekmponie 0 3a0aHo20 im-
NYAbCY HaAnpyeu y npUcCmpoio iMnyabCHO20 6ap €pHO20 po3psa0y BUBHAYAOMbCA npoyecom Ougysii enexkmponis. Iloka-
3aHO, WO NICIA NOOAYi HANPY2U 8 pe3yabmami nepuio2o emany opeuq)y ei1ekmporie KiibKicms URPOMIHEHUX (hOMOHIS,
30aMHUX NOPOOACYBAMU ePeKMUBHI eNeKMPOHU 0151 NOOANbULO20 PO3BUMKY TABUHHO20 NPOYECY, CUTbHO 3ANeHCUMb 8i0
BEUYUHU PO3PAOHO20 NPOMINCKY. BusHaueHo medrci 0082#cuH npoMIKHCKig i3 CYMMEBO Pi3HOI0 MONCIUBICINIO [HiYit08amMU
PO368UMOK 1a8UH Ha HacmynHux emanax. bubin. 22, puc. 9, Tabmn. 2.

Knrwowuoei cnosa: iMuynbcHUR JieNeKTpUYHUI Oap’epHHUN PO3ps], JIABUHHO-CTPIMEPHHH mepexin, (oToioHi3allis, Ha-
NPYKEHICTh EJIEKTPUYHOTO T10JIs JIJABUHH EJIEKTPOHIB.
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