Drift of Electrons in Gas
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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 negligible. But the excitation
and tonization 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.

Keywords: drift of electrons, spatially inhomogeneous periodic electric field, gas plasma.

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{a/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
lonization: QEW = = Qea + Qex + Qion-

371



S.K. Kodanova, N.Kh. Bastykova, T.S. Ramazanov et al.

Electron enrergy distribution funcion

014
@@ Vont Calo
S 012 — Maxwell
S :
5 “ - = = 1 Duyvesteyn
c ol ! = o= pipeline model
=]
5 008
E
2 006
2
° 004
002
0
0 5 10 15 20 25 30
energy, eV
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
from the whole ensemble. The most logical for the

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. | T || &2 | W | s | Qeo | Qun
V/cm cm/s eV eV Qew

1 4 0 0 19.7 7.75 79.3 1.7
2 4 1 1/3 19.4 7.54 78.6 2.8
3 —4 1 1/3 -19.3 7.58 79.4 2.4
4 4 — 1/2 18.8 7.29 78.2 3.4
5 4 2 9/5 18.7 7.21 77.9 4.3
6 —4 2 9/5 -18.8 7.31 79.1 3.5
7 4 3 |16/7 18.3 6.94 77.1 5.8
8 —4 3 |16/7 -18.4 7.08 79.2 4.3
9 4 4 |25/9 17.9 6.71 76.6 6.9
10 —4 4 |25/9 -17.8 6.89 78.9 5.0
11 4 5| 36/11 17.5 6.53 76.3 7.8
12 —4 5| 36/11 -17.6 6.73 78.4 6.0

372

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 = 10T'd: the drift velocity
W, average energy (¢), percentage of the energy input
that went to the excitation Qex/Qgw and the ioniza-
tion Qion/QEw . As a measure of the variance hetero-
geneity, we give 4% normalized to the mean field:

0 = [(EB*(2)) — (E())*]/(E*(@))- (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: @ = 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@Ew in the energy
input Qex/QEw-

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-
ident that neither Maxwell nor Druyvesteyn distri-
bution do not provide, however, even a qualitative
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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

agreement with the results of Monte Carlo calcula-
tions. Perhaps, the best match between the calcula-
tions and the theory is achieved, when a pipeline ap-
proach is applied. Nevertheless, the scope of its ap-
plicability is limited. It should be noted that, besides
the existence of a well-known strong influence of in-
elastic processes of excitation and ionization on the
tail of the distribution function, there is a very sig-
nificant effect of inelastic processes on the electron
distribution function in the area of subthermal ener-
gies. The distribution of electrons in the area ¢ < T,
differs essentially from the Maxwell and Druyvesteyn
distributions due to a significantly high energy of an
electron at the moment of its appearance after the
ionization. At the excitation of an electron, the en-
ergy is (¢—E)/2 =2+3 eV, while (¢—-1)/2 =2+3 eV
at the ionization. Figure 2 shows the calculation re-
sults from Table: the drift occurs in the direction of
increasing the field modulus at its high heterogene-
ity (n = 5). As Fig. 1, Table shows the Maxwell and
Druyvesteyn distributions with the same average en-
ergy of electrons and the electron distribution func-
tion of the pipe-line model. It may be seen that the
effect of heterogeneity in fact leads to the maxwelliza-
tion of the distribution of electron energies. Figure 3
shows the results of calculations, in which the drift
is in the direction of increasing the field modulus at
different values of the exponent heterogeneity. This
figure shows the effect of the degree of inhomogeneity
of the field on the EEDF.
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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

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 calcula-
tions, we can state that even the large spatial fluctu-
ations 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 in-
crease in the field dispersion has the largest effect on
the rate of ionization: there is a significant increase in
the ionization rate and the proportion of the energy
used for the ionization; the spatial inhomogeneity 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 Langmuir paradox [1].
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JIPEII® EJIEKTPOHIB
YV I'ABI B ITPOCTOPOBO HEOJTHOPI/THOMY
IMEPIOJIUYHOMY EJIEKTPUYIHOMY I10JI1

Pezwowme

Y poboTi HaBemeHO pe3yJIbTaTH PO3PAXYHKIB XapaKTepPUCTUK
npeiidy eseKTPOHIB B IOCTIHHOMY IIPOCTOPOBO HEOLHOPIIHOMY
nepioguaHOMY ejeKTpudHOMy moJi. Iloka3ano, mo B THIOBUX
YMOBAX €KCIEPHMEHTIB 3 ra30p03psAHol MIa3MO0 DU 3HUXKE-
HOMY THCKY a3y BILUINB HEOZHOPIiTHOCTEH MOJjis Ha IIBHIKICTH
npeiidy i cepesHIO eHEPriio eJIEKTPOHIB HEe3HAYHM. AJie iHTeH-
CUBHOCTI mpoueciB 30ypKeHHs, i0Hi3alil, 1pOCTOPOBHil PO3IO-
MiJT II71a3MH CHJIBHO 3AJI€XKATh K Bil BEJIMYIUHU HEOTHOPITHO-
crelt (gucmepcii), Tax i Bix xapaxrepy 3minm moss. ITokasaHo,

374

10 HEOJHOPITHICTb eJIeKTPUYHOIO MOJIS B IO3UTHBHOMY CTOBIII
ra30BOr0 PO3PsiAy HPUBOAUTH 10 MaKCBeJsIizamil pyHKIT po3-
IOy eJIeKTPOHIB 3a €Hepri€w.

C.K. Kodanosa, H.X. Bacmwikosa,
T.C. Pamasanos, C.A. Matiopos

JIPE® SJIEKTPOHOB
B I'A3BE B [IPOCTPAHCTBEHHO HEO/IHOPO/HOM
IIEPOJMNYECKOM SJIEKTPUYECKOM IIOJIE

Peszmowme

B pabore npuBejeHbl PE3yJbTaTbl PACYETOB XAPAKTEPUCTUK
npeiida 3JIeKTPOHOB B IOCTOSHHOM IIPOCTPAHCTBEHHO HEOJHO-
POJHOM HEPUOAMYECKOM 3jieKTpudeckoM mogse. Ilokazano, uro
B THIUYHBIX YCJIOBHUSX SKCIEPHUMEHTOB C ra30pa3psaHOM Ija-
3MO# IPU IMOHW2KEHHOM [IaBJICHUU ra3a BIUsSHHAE HEOJHOPOIHO-
creil moJisi Ha CKOPOCTH Jpeiida U CPEJSHIO SHEPIHUI0 JIEKTPO-
HOB HE3HAYHUTEJbHO. HO MHTEHCUBHOCTHU IIPOIECCOB BO30YXK /e~
HHsl, HOHU3AIUN, IPOCTPAHCTBEHHOE PACIPEIeICHHE I1JIa3MBbl
CHJIBHO 3aBHCAT KAaK OT BEJMYHUHBI HEOJHOPOJHOCTEH (mucnep-
CHH), TaK B OT XapaKTepa U3MEeHEeHus noJs. II0Ka3aHo, 9To He-
OJJHOPOJHOCTD 3JIEKTPUYECKOr0 HOJIS B IOJOXKHUTEJIBHOM CTOJI-
e ra3oBOro pa3psja MPUBOAUT K MAKCBEJUIM3AIUH (DYHKIHH
pacupe/ie/IeHus 3JIEKTPOHOB 110 SHEPI'UU.
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