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INHOMOGENEOUS PERIODIC ELECTRIC FIELD

The paper presents the results of calculations of the characteristics of the electron drift in
a constant periodic spatially inhomogeneous electric field. It has been shown that, in typical
experiments with a gas plasma at a reduced gas pressure, the influence of field inhomogeneities
on the drift velocity and the average energy of the electrons is megligible. But the excitation
and ionization intensities and the spatial distribution of plasma are strongly dependent both
on the value of inhomogeneity (dispersion) and the nature of the changes in the field. It has
been shown that an inhomogeneity of the electric field in the positive column of a gas discharge
forces the electron energy distribution function to be the Mazwell one.
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The paper presents the results of calculations of the
characteristics of the electron drift in a constant pe-
riodic spatially inhomogeneous electric field. It has
been shown that, in typical experiments with a gas
plasma at a reduced gas pressure, the influence of field
inhomogeneities on the drift velocity and the average
energy of the electrons is negligible. But the intensi-
ties of the excitation and ionization and the spatial
distribution of a plasma are strongly dependent both
on the value of inhomogeneity (dispersion) and the
nature of changes in the field. It has been shown that
the inhomogeneity of the electric field in the positive
column of a gas discharge makes the electron energy
distribution function to be Maxwellian.

When considering the various tasks associated with
the drift of electrons in a gas-discharge plasma, it is
often assumed that the rate of a drift and all its char-
acteristics at each point of the space (average energy,
diffusion coefficients, ionization and energy Townsend
coefficients) depend only on the electric field and the
gas density (or on the reduced field E/N) at this
point. However, many phenomena in plasma dis-
charge physics are caused by the non-locality effect,
when the characteristics of the electronic components
at a given point depend on the parameters of an elec-
tron gas at other points [1-4].
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This paper presents the results of calculations of
the characteristics of the electron drift in the peri-
odic field and the analysis of the dependences of drift
characteristics on the magnitude of spatial fluctua-
tions of the field. The electron drifts in the electric
field

E(x) = Eo{z/L}"/(n+1), (1)

where L — period, {z} — the fractional part of z, {z} =
= z — [z], and [z] — the integer part of z, or in a
sinusoidal one

E(z) = Eo{1 + asin(z/L)}. 2)

For the drift of electrons in neon, the detailed
tabulation of different drift characteristics was car-
ried out in [3]. For the values of a reduced electric
field E/N > 0.17d, the average kinetic energy of an
electron is much greater than the energy (tempera-
ture) of atoms. At E/N < 2T'd, the electron drift in
neon is determined only by the elastic collisions with
atoms [2].

During the drift, the electrons acquire an energy
by the Joule heating Qrpw = eEW, where e — the
electron charge, E — electric field, W — the drift veloc-
ity. This energy is lost in elastic collisions with atoms
and is spent on the excitation of atomic levels and
ionization: QEW = = Qca + ch + Qion~
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Fig. 1. Electron energy distribution function (EEDF)

at the drift in a uniform electric field (E/N =13.5 Td,
neon). Bullets — the results of Monte Carlo calculations. For
comparison, the Maxwell EEDF (solid curve), Druyvesteyn
EEDF (dashed curve), and pipe-line distribution (dot-dashed
curve) are also given

The electron energy distribution function (EEDF)
and the integral characteristics of the electron drift
were calculated by the Monte Carlo method |[3,
4]. In these simulations, the following conditions were
used. For the process of electron drift in the posi-
tive column, we can assume that the total number
of births and deaths of electrons are equal. Then the
death of electrons on the walls can be taken into ac-
count by introducing a rule into the algorithm that,
for each act of ionization, one electron is removed

Characteristics of the field and the electron
drift in neon at a temperature of 298 K in the
average reduced electric field E/N = 10Td

No | Ft |a| & | W | @ | Qx| Qua
V/cm cm/s eV eV Qew
1 4 0 0 19.7 | 7.75 79.3 1.7
2 4 1] 1/3 194 | 7.54 | 786 | 2.8
3 -4 1 1/3 -19.3 | 7.58 79.4 2.4
4 4 |- 172 188 | 729 | 782 | 34
5 4 2 9/5 18.7 | 7.21 77.9 4.3
6 | 4 |2]| 9/5 | 188| 731 | 79.1 | 35
7 4 3116/7 18.3 | 6.94 77.1 5.8
8 -4 3116/7 -18.4 | 7.08 79.2 4.3
9 4 4| 25/9 179 | 6.71 76.6 6.9
10 -4 4 125/9 -17.8 | 6.89 78.9 5.0
11 4 |5]36/11| 175| 653 | 763 | 7.8
12 -4 5|36/11 | -17.6 | 6.73 78.4 6.0
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from the whole ensemble. The most logical for the
problem of the electron drift in a positive column is
the assumption that the most energetic electrons can
leave the ensemble. The average energy of electrons
that leave the system can provide a good estimation
of the potential of the wall. Thus, the wall potential
is determined from the condition that the number of
ionization events is equal to that of particles’ escapes
from the system.

For comparison, we also present the distributions
of Maxwell, Druyvesteyn, and that of the pipe-line
model [1]. The pipe-line model is a model, in which
the formation of the EEDF is determined by the Joule
heating and non-elastic collisions, whereas the energy
loss of electrons at elastic collisions with atoms is as-
sumed to be negligible [1, 2].

In Table, we show the following results of Monte
Carlo simulations [1] of the electron drift character-
istics in neon at a temperature of 298 K, given the
average electric field E/N = 10Td: the drift veloc-
ity W, average energy (g), percentage of the energy
input that went to the excitation Qex/Qrw and the
ionization Qion/QEw. As a measure of the variance
heterogeneity, we give 62 normalized to the mean
field:

8 = [(B*(2)) — (B(2))?]/(E*(x)). ®3)

Calculations 1-12 in Table are ordered with in-
creasing the spatial heterogeneity of the periodic
field. All calculations, except number 4, were per-
formed for the field inhomogeneity of the power na-
ture (1). In number 4, the field was a sinusoidal per-
turbation (2) with the amplitude equal to the mean
field: o = 1. A wide variety of drift characteristics
was calculated. The drift is along the z-axis, i.e.,
the drift velocity is positive in a negative average
field. The Townsend ionization coefficient normalized
to the ionization potential corresponds to the per-
centage of ionization losses Qion/Q@pEw in the energy
input Qex/Qrw -

The data in Table give a quite complete picture of
the quality characteristics of the electron drift in an
electric field.

Figure 1 shows the electron kinetic energy distri-
bution for calculation 1 (uniform field). For the pur-
poses of comparison, the Maxwell and Druyvesteyn
distributions with the same average energy of elec-
trons and the electron distribution function accord-
ing to the pipe-line model are also shown. It is ev-
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Fig. 2. Distribution function of the electron energy at the drift
in a uniform electric field (E/N = 13.5 Td, neon). Bullets —
the results of Monte Carlo calculations. For comparison, the
Maxwell EEDF (solid curve), Druyvesteyn EEDF (dashed
curve), and pipe-line distribution (dot-dashed curve) are also
given

ident that neither Maxwell nor Druyvesteyn distri-
bution do not provide, however, even a qualitative
agreement with the results of Monte Carlo calcula-
tions. Perhaps, the best match between the calcu-
lations and the theory is achieved, when a pipeline
approach is applied. Nevertheless, the scope of its
applicability is limited. It should be noted that, be-
sides the existence of a well-known strong influence
of inelastic processes of excitation and ionization on
the tail of the distribution function, there is a very
significant effect of inelastic processes on the elec-
tron distribution function in the area of subthermal
energies. The distribution of electrons in the area
e < T, differs essentially from the Maxwell and
Druyvesteyn distributions due to a significantly high
energy of an electron at the moment of its appear-
ance after the ionization. At the excitation of an elec-
tron, the energy is (¢ — F)/2 = 2 + 3 eV, while
(e = I)/2 = 2+ 3 €V at the ionization. Figure 2
shows the calculation results from Table: the drift
occurs in the direction of increasing the field mod-
ulus at its high heterogeneity (n = 5). As Fig. 1,
Table shows the Maxwell and Druyvesteyn distri-
butions with the same average energy of electrons
and the electron distribution function of the pipe-line
model. It may be seen that the effect of heterogene-
ity in fact leads to the maxwellization of the distri-
bution of electron energies. Figure 3 shows the re-
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Fig. 3. Electron energy distribution in the drift in the periodic
electric field (E/N = 10 Td, neon, the field period is equal to
4 cm, field intensity — 4 V/cm). Different curves correspond
to different values of the exponent field inhomogeneity. The
arrows indicate the direction of changes with the increase of
fluctuations of the field

sults of calculations, in which the drift is in the direc-
tion of increasing the field modulus at different val-
ues of the exponent heterogeneity. This figure shows
the effect of the degree of inhomogeneity of the field
on the EEDF.

The electron energy distribution functions are com-
pared with the Maxwell and Druyvesteyn distribu-
tions and with the unlimited drain model (pipe-line
model) [1]. From the analysis of the results of calcu-
lations, we can state that even the large spatial fluc-
tuations of the field do not lead to a large change in
the average characteristics of the drift, namely, the
drift velocity and the average energy of electrons; an
increase in the field dispersion has the largest effect
on the rate of ionization: there is a significant in-
crease in the ionization rate and the proportion of
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the energy used for the ionization; the spatial in-
homogeneity of the field can lead to the Maxwell
EEDF in a glow Townsend discharge, which is the
subject of a well-known and much-discussed Lang-
muir paradox [1].
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JIPEN® EJIEKTPOHIB

Y I'A3I B ITIPOCTOPOBO HEOJHOPIZTHOMY
IMEPIOJINYHOMY EJIEKTPUYHOMY IT10JII

Peszmowme

Y pobori HaBeEHO PEe3yJIbTATH PO3PAXYHKIB XapaKTEPUCTUK
npeitdy eJeKTPOHIB B MMOCTIHHOMY IPOCTOPOBO HEOIHODITHOMY
[epioInIHOMY eJIeKTPUIHOMY moJii. ITokazaHo, 10 B THIIOBUX
YMOBaX €KCIEPHUMEHTIB 3 ra30pO3PsiTHOI IIJIa3MOIO IIPU 3HUKeE-
HOMY THCKY Ta3y BIUIUB HEO/IHOPIIHOCTEN IOJIsS Ha IMIBUIAKICTH
apeiidy 1 cepelIHIO eHEPrilo eJIeKTPOHIB He3HAYHUN. AJte iHTeH-
CHBHOCTI IIPOIIECiB 30y >KEHHsI, 10Hi3aIlil, IPOCTOPOBHUI PO3IIO-
JIJI TIJTa3MU CUJIBHO 3aJIeXKaTh sIK BiJ] BEJIMYUHU HEOIHOPITHO-
creii (mucnepcii), Tak i Big xapakrepy 3minu mouist. [Tokasano,
10 HEOTHOPIHICTh €JIEKTPUYHOIO HOJIA B IO3UTHBHOMY CTOBIII
ra30BOr0 PO3PSILy NMPUBOJUTH JI0 MaKCBeJIi3alil (pyHKIHT po3-
MOZiIy €JIEKTPOHIB 3a eHepriew.
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