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The influence of properties of the gaseous medium on the
processes of contraction (self-constriction) of an arc discharge
in the atmosphere of the mixture of a noble gas with copper is
considered. The calculation are carried out, and it is shown that
the degree of constriction of an arc discharge is determined by both
the thermophysical characteristics of the gaseous medium and
the effective characteristics of electron-atom collisions. We have
studied the influence of both the Ramsauer effect and the shape
resonance on a character of the contraction of an arc discharge.
It is shown that the influence of the Ramsauer effect on the
contraction of an arc may be neutralized in gaseous mixtures.

1. Introduction

The contraction (self-constriction) of an arc discharge
consists in the diminution of the region occupied by
the gas-discharge plasma under increasing the discharge
current or the external pressure [1—7]. The contraction
is usually considered as a negative phenomenon that
restricts an application of arc discharges [1]. However,
on the other hand, namely the contraction can be a
base in certain cases in applications of arc discharges
in technology [6].

It is typical that the thermal contraction takes place
in the arc discharges at a high or medium pressure.
That constriction of an arc is caused by the fact
that the temperature at the periphery of the discharge
falls and the gas density (under constant pressure)
rises. Therefore, electrons at the periphery give up
a larger amount of energy to neutral particles and
their temperature falls, which leads, in its turn, to a
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decrease in the concentration of electrons because of the
intensification of the recombination processes.

In the slightly ionized plasma of arc discharges,
the amount of energy that is transferred to heavy
particles from electrons is mostly determined by elastic
collisions. It should be pointed that the cross-sections of
electron-atom collisions may be frequently characterized
by a nonmonotonous dependence on the electron energy.
Especially, a deep minimum is observed for certain noble
gases and alkaline metals (that phenomenon is called as
the Ramsauer effect), which has a significant influence
on the plasma properties. Therefore, the process of
contraction has essentially different characters in various
gaseous media.

The thermal contraction of arcs in noble gases is
studied in works [3—7], but the obtained results are not
extended on the practically important case of gaseous
mixtures due to the fact that the properties of gaseous
mixtures and those of the multicomponent plasmas of
discharges in these mixtures are not additive functions
relatively to the properties and concentrations of the
pure components of mixtures.It should be also taken
into consideration that, besides the Ramsauer effect, the
resonance processes occur at the scattering of electrons
by atoms. Thus, in accordance with [8], in the case of
the scattering of low-energy electrons by copper atoms,
the shape resonance takes place, because the quasisteady
state of a negative ion is formed.

Copper is one of the widely used electrode materials
and, due to that, is often a component of the gas-
discharge medium. The detailed reviews of various
models of electron-atom cross-sections for copper and
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the results of their application for the modeling of low-
temperature plasmas are given, e.g., in [9,10]. It is worth
noting three most significant models for the scattering
of low-energy electrons by copper atoms, namely, the
resonance model [8], non-resonance one [9, 10], and the
model of hard spheres [11] (see. Fig. 1).

The aim of this work is to study the influence of
physical characteristics of the mixture of a noble gas
with copper on the contraction of an arc discharge.
Taking into account the peculiarities of electron-atom
cross-sections, we will carry out the detailed analysis
of the processes which cause the thermal contraction
under the assumption that the electron temperature and
the gaseous one are different.

2. Two-temperature Thermal Plasma

The state of the plasma of arc discharges at the normal
or high pressure is assumed to be that of a local
thermodynamic equilibrium (LTE) [2—5]. Because of the
high concentrations of atoms and electrons, the collision
processes play a significant role in that plasma. On the
other hand, one may expect the influence of radiation on
the establishment of LTE in the plasma of copper arcs.
It is typical that LTE exists in the plasma of stabilized
copper arcs and in the column of free-burning copper
arcs [12—14]. However, the equilibrium state is broken
in the near-electrode layers of free-burning arcs due to
the transfer of a resonance radiation [14].

Consider a two-temperature model of plasma in the
case where a state is described by both the certain
gaseous temperature 7' and the electron one 7, which
correspond to the Maxwellian function distributions of
atoms and electrons over velocities, and let the ionization
equilibrium hold relative to T.. To obtain a relation
between T' and T,, we consider the equilibrium between
both electrons and the mixture of atomic gases, taking
into account the action of the electric field on electrons.
We assume that the gaseous medium is weakly ionized,
and the frequency of electron-atom collisions v, is larger
than the effective frequency of electron-ion collisions v,;.
In such a medium, the collision of electrons with neutral
atoms and the electron-electron collisions play a leading
role.

Under these assumptions, the kinetic equation for
the distribution function of electron velocities f. (u@2) is
converted into the linearized Boltzmann equation [15,
16]

¢E Ofe

me Oup

= Iee (fe)+Iea (fe): (1)
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Fig. 1. Momentum-transfer cross-section for the scattering of an
electron by a copper atom ¢* versus the electron energy E.. Curve
1 follows from the resonance model [8], 2 corresponds to the non-
resonance model [9,10], and 3 is a hard-sphere cross-section [11]

where E is the electric field intensity, e is the electron
charge, m. is the electron mass, I.. (f.) is the operator of
electron-electron collisions, and I, (f.) is the operator
of electron-atom collisions.

In the case of the enough large electron densities,
which are typical of arc discharges, namely n. >
(MeOea/Mu0ce) Ny (M, is the atom mass, n. and n, are
the densities of electrons and atoms, 0., and o., are the
characteristic cross-sections of electron-atom collisions
and electron-electron ones, respectively), we have that
the operator of electronic collisions I, (fe) = 0.

Consider the nature of the energy transfer from
electrons to atoms. Because of the large difference
between the electron mass and the atom one, the velocity
of an electron is larger than that of an atom. Moreover,
the electron momentum direction is varied only under
collisions, and the absolute magnitude of the momentum
is changed only slightly. Moreover, a change in the
electron energy is small, because its variation may be
assumed continuous. The pointed assumptions allow
us to expand the electronic distribution function into
spherical harmonics and to solve the problem of electron
drift in external fields [17].

In view of the linearity of the operator of electron-
atom collisions relative to the electron distribution
function f, (@), the kinetic equation (1) yields the
following system of equations which establishes the
connection between the spherically symmetric harmonic
and non-symmetric one:

= “VeqlUeJe 2
me due Vealte for @)
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@ dfeo
me die

= —VeqUe fe1- (3)

Here, f.o and f.; are the spherically symmetric part
of the distribution function and the non-symmetric
one, respectively; Ve, = Y. Veo is the total frequency

(e

of electron-atom collisions, veq = Nqueo™ (ue) is the
frequency of electron collisions with atomic species of
the kind «, o* (u.) is the momentum-transfer cross-
section of electron-atom collisions, and wu. is the electron
velocity. Under the Maxwellian distribution function,
Eq. (2) yields that fo1 = €E feo/VeokTe. Therefore, the
drift velocity of electrons equals

eE [ u?
= 4
3kT, <I/ea >’ )

We =

where the brackets () denote the averaging with the
distribution function of electrons over velocities, ans k
is the Boltzmann constant.

To obtain the collision operator I, (fep) from
the spherically symmetric harmonic of the electron
distribution function, we use a smallness of variations
of the electron energy at one collision act in comparison
with the energy proper. This allows us to consider the
energy variation as continuous. In this case, the operator
of electron-atom collisions may be represented as the
right-hand side of the Fokker—Planck equation. After a
number of transformations, the balance equation for the
energy transferred from the electric field to electrons and
from electrons to gas atoms takes the following form:

T u?v
eEw, = m? (1 - E) <Z m:aa > (5)
«

Let us to introduce the effective mass M of an atom
of the gaseous mixture as M~! = Y z,m;,, where
(67

aoa?
Z, are the molar concentrations of components of the
gaseous mixture. Then, in view of (5) on the basis of
formula (4) for the drift velocity of electrons, we obtain

M (_E> (e /Vea) ©)

me ) (ugrg)

T. - T =
3k

where Veq = > Veq , V2, = (M [muq) Veo-

[e3 [e3
In the case of a one-component gas, formula (6) is
converted into the well-known one for the discrepancy
between the electron temperature and the gaseous
one[1,16]. It should be pointed out that formula (6) may
be converted into

T,-T = (%)29@6),
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where the function g (T%) is independent of the electrical
field and the gas density.
With increase in a degree of ionization o; = Y njo /N
«

(where N is the density of heavy particles, n;, is the
density of ion species of the kind ) up to 107* + 1073,
the collisions of electrons with ions become important.
To take into account the Coulomb collisions in the
used formulae, we need to substitute the frequencies
of electron-atom collisions by the effective collision
frequencies of electrons with heavy particles (atoms and
ions) Ve = Veq + Vei, Vi = V3, + v);, where ve; and v);
are the corresponding effective frequencies of electron-
ion collisions.

For a low-temperature plasma, when LTE occurs, the
number density of electrons n. at a given point of the
discharge is connected with the number densities of ions
n; and neutral atoms n, by the Saha formula [1]

nen;  2g; 2rmekT, 3 E;

= () e (i), g
where h is the Planck constant, g; and g, are the
statistical weights of an ion and an atom, respectively,
and Er is the effective ionization energy.

The information about the dependence between the
electron and gaseous temperatures and on the densities
of charged particles allows us to calculate the transport
coefficients in the plasma of an arc discharge. Then, let
us go on to the consideration of the model of an arc
discharge.

3. Model of an Arc Discharge

Consider the plasma of the column of a cylindrical arc
discharge, in which a local thermodynamic equilibrium
is maintained. Assuming that the heat release is
proportional to a local current density and ignoring
the radiation transfer, the heat transfer equation (the
Elenbaas-Heller equation [3,18] can be written as

L e I e @+ ) B L+

+q(r) =0. (8)

Here, r is the distance from the discharge axis, « (T'),
ke(Te), and k,(T.) are the coefficients of gaseous,
electron, and heat conductivities due to the ionization-
recombination process, respectively; ¢ (r) = j (r) E is the
heat release power per unit volume; j(r) = oFE is the
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electric current density, and o is the electric conductivity
of the plasma.

Since LTE occurs in the plasma region, which
determines its heat balance, the temperatures of
electrons and gas are varied slightly. That fact allows
us to obtain an approximate solution of Eq. (8) by using
the method stated in [3—7]. Accordingly to this method,
we assume that the dependences of the current density,
heat release power, and corresponding quantities on the
temperature in the cross-section of the discharge are
given. The coefficients in Eq. (8) are assumed to be
constant and equal to their values on the discharge axis.
In this way, we can transform Eq. (8) to the form of
an ordinary differential equation. An analytic solution
of this equation gives the distributions of temperatures,
current density, and others values over the discharge
cross-section.

The analytic solution of Eq. (8) is important despite
its approximate nature, because it allows us to analyze
the influence of various physical mechanisms on the
distributions of temperatures and others values over the
cross-section of the discharge. By applying the above-
mentioned method and using the formulae which are
adduced in the previous section, we can obtain the
following system of algebraic equations to calculate the
parameters of an arc discharge:

E 2
Te -T=|—= Te y
(%) s )
kT2 1
1E = 222 116k¢r | ———— | + 5 (ke + 5) |,(10)
T 1+ (ry/R)
S =0215¢pr3 In <£>, (11)
To
p+ Ap = NEkT + n kT, (12)
I = oEnr}. (13)

Here, I is the arc current, R is the radius of the
discharge chamber wall, S is the thermal function
(the function of thermal potential), qo = oE?, (r =
dT'/dT., Ap is the Coulomb correction to the pressure,
and 7o is the characteristic radius of the plasma (the
contraction radius), r§ ~ 1.32r7 4+ r3, where r, and rs
are the characteristic radii of contraction in the case
where the gaseous heat conductivity or the electron one
dominates, respectively, in the heat transfer. These radii
are calculated on the basis of the following relations [7]:

o 16KT2kGy
g qgEr
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2 = 11.6kT? (ke + Iﬁp)-
wEr

In the limit case where the gas heat conductivity
dominates, the profiles of temperature, current density,
and heat power release are determined over the discharge
cross-section by an inverse parabolic function (see, e.g.,
[7]). At the radius ry, the mentioned values are decreased
about 15 times in comparison with those on the discharge
axis. When the electron conductivity dominates, the
profiles are determined by the Bessel function, and the
values are decreased about 20 times at the radius ry.

The following additional conditions should be taken
into account: the electric field strength and the pressure
are constant (E = const, and p = const ) over the
discharge cross-section. Also we mention that, in system
(9)—(13), the temperatures and other values are stated
on the discharge axis.

The thermal function S is defined in the following
way:

T.

T
S = 0/(ne(Te’) + k(T " ))dT," + 0/n(T’)dT’. (14)

It should be noted that the current state of the
theory of gaseous mixtures and that of multicomponent
plasmas is characterized by the absence of a uniform
approach to describe the transport processes due to the
very complicated dependences between the properties of
gaseous mixtures and plasmas and the properties of pure
gases and their concentrations in mixtures. The detailed
analysis of this situation can be found in [19—23]. In this
paper, to calculate the transport coefficients of gaseous
mixtures and multicomponent plasmas, we choose the
methods and formulae from [19—21].

A peculiarity of the heat conductivity of a
gaseous mixture is its non-additivity relative to the
conductivities of mixture components. To calculate the
gaseous heat conductivity of two gases, the well-known
Wassiljeva’s formula is used with the coefficients which
are calculated according to the approximate Mason-
Saxena’s method [19,20].

The heat conductivity of gases is known to be
practically independent of the pressure (except for the
case of a low pressure), and the coefficient of heat
conductivity of noble gases is approximately described
by formula [24]

k= kors (T [Tor3)” , (15)
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where T273 = 27316K, K273 = K (T273) s 0.7 < v < 0.95.
The heat conductivity of an atomic copper gas will be

calculated in the following way. In according to the first

approximation of the Chapman-Enskog’s method [15],

L _2 (rmaokT)'/? 3k
T 32 7s2Q2)* 2m,’

(16)
where Q(>?)* is the reduced Chapman-Cowling integral,
s is the radius of a hard sphere (for copper, it is
recommmended to take s = 1.400 A[10]). Having
assumed the Lennard—Jones (LJ) model potetial for
the interatomic interaction, it is easy to calculate the
mentioned integral according to approximation [25] that
is cited in [20] as well. Using the Brokaw method [20]
to calculate the LJ-potential parameters for copper, we
obtain the following values: op; = 2.240 A, elk =
3343 K.

Then, the calculated data are approximated by a
dependence of the type (15). This calculation has no
large error, because the precision of calculations of heat
conductivity with the use of formula (16) is known to
be enough [20]. In this way, we obtain ka73 ~ 8.68
mW/(m-K) and v ~ 0.876 for an atomic copper gas.
That is, the curve of gaseous heat conductivity for
copper lies between both those of argon and krypton.

The electrical conductivity of the plasma and
the coefficients of electron heat conductivity and
heat conductivity due to the processes of ionization-
recombination are calculated in the same way as in
[7]. The momentum-transfer cross-sections are selected
according to the tabulated data [26, Chapter 14].
The ambipolar diffusion coefficient D, needed in
calculations was calculated in the multicomponent
plasma as [21]

; T,
Dawb = Y 21D <1+ ?>

. (&
(3

(17)

where the sum is taken over the all types of ions, D; are
the diffusion coefficients of species of the kind ¢ which
are defined as D; = 1/; oo, where z; is the molar

part of species of the kind [, and the reciprocal diffusion
coefficient of an ion Dj in the mixture component of
kind of [ is calculated, in its turn, via formula [27]

[T
DN = d; T
[ 0 Tl

where d;g is a constant for the given type of ions and the
ambient gase, and Ty = 1000 K . In the calculations, the
experimental data on ion diffusion [27,28] are used. If the

(18)
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data were absent, the coefficient was calculated via the
cross-section of the polarization capture of an ion by an
atom [29] using the data given in [30].

To system (9)—(13), it is necessary to add the Saha
equations (7) for each component of the mixture. It
should be mentioned that, when the degree of ionization
of each component is small, the plasma composition
can be calculated by introducing the effective energy
of ionization of the gas mixture in the following
way:

E] - —kTe In

1 , B
(9i/9a) Z%‘gi P <_ kéf&) (19)

eff o

where (9i/ga)eg = 2 (9ia/gaa)Ta is the effective ratio

of statistical Weight;; Er, is the ionization energy of
the component, and x, is the molar part of a species
of the kind a. If Er is defined in the above manner,
then this energy in the limit case of a small content of
impurities coincides with the ionization energy of a pure
gas.

It should be pointed out that the increase in
the concentration of charged particles leads to the
amplification of effects due to the non-ideality of a low-
temperature plasma. Namely, both the pressure and the
ionization energy in the plasma decrease. These effects
are calculated by using the well-known Griem correction
[31].

Thus, the system of equations (9)—(13) together
with the Saha equation (7) for each component in
the mixture allow us to obtain the arc parameters
E, T, T, ne, ng, N, and ry for the given values of the
arc current I, pressure p, and wall radius R. Vice versa,
if the parameters are given, then the values of I/R and
p can be calculated.

4. Results and Discussion

The above-presented model of an arc discharge describes
the discharge where the released heat is transferred by
means of conductivity into the walls of the discharge
tube which are maintained at a fixed temperature. This
situation corresponds to the idealization of a long arc
(see [7,32]).
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Fig. 2. Calculated volt-ampere (E — I) characteristics of arc
discharges at atmospheric pressure. Curve I corresponds to the
discharge in Ar, 2 — He, 3, 4, 5 — Ar:Cu (90 : 10 vol.%), 6 —
Ar:Cu (97 : 3 vol.%), 7, 8 — He:Cu (90 : 10 vol.%), 9 — He:Cu (97
: 3 vol.%), 10 — Ar:He (50 : 50 vol.%). The curves for mixtures
containing copper are calculated with the use of the resonance
model except for curves 4,8 (the non-resonance model) and 5 (the
model of hard spheres)

VR diewm

Fig. 3. Reduced contraction radius of an arc ro/R vs the reduced
current I/R (p = latm). Curve I — Ar, 2,3,/ — Ar:Cu (90 :
10 vol.%), 5 — Ar:Cu (97 : 3 vol.%), 6 — Ar:Cu (99 : 1 vol.%).
The curves for mixtures containing copper are calculated with the
use of the resonance model except for curves 3 (the non-resonance
model) and 4 (the model of hard spheres)

It should be underlined that an arc without radiation
heat transfer is described by unified curves in the
coordinates r/R, ER, and I/R [15]. In Fig. 2, the
calculated volt-ampere characteristics are presented in
the coordinates ER — I /R. The results of calculations of
both the contraction radius and the heat release power
are presented in Figs. 3—5.

The obtained results allow us to draw the following
pattern of the contraction of an arc discharge in gaseous
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Fig. 4. Heat release power qo vs the reduced current I/R (p =1
atm). The designations are the same as in Fig. 3
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Fig. 5. Reduced contraction radius of an arc ro/R vs the reduced
current I'/R (p = 1 atm). Curve 1 — Ar, 2 — He, 8,/ — He:Cu (90
: 10 vol.%), 5§ — He:Cu (97 : 3 vol.%), 6 — He:Ar (50 : 50 vol.%).
The curves for mixtures containing copper are calculated with the
use of the resonance model except for curves 4 (the non-resonance
model)

mixtures. In a particular gaseous mixture, the strongest
contraction is reached under conditions when the heat
transfer is due to the gaseous heat conductivity (Figs.
3, 5). This situation corresponds to the regimes of
discharge characterized by relatively low temperatures
and low reduced currents I/R. With increase
in the current and temperature, the plasma region of
the discharge is expanded. Moreover, in the case of a
gas where the Ramsauer effect occurs, this expansion
is more intense than that for the gas without such
an effect. With a further increase in the current, the
discharge turns into the regime where the electron heat
conductivity dominates, and the contraction radius is
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stabilized. Moreover, the electrons transfer the energy
mainly in the collisions with neutral atoms. In this case,
ro/R = const and, hence, ry « R, which is the result
given in [33]. The subsequent increase in the current
causes the growth of the electron temperature, and a
degree of ionization of the gaseous medium is increased.
The influence of electron-ion collisions is intensified
because the sizes of the discharge region are diminished
in the case of a stabilized arc.

It should be born in mind that, in the case of an
arc where the electron-ion collisions dominate, one needs
generally to consider the influence of radiative processes
on both the heat transfer and the ionization processes
in a plasma. The influence of radiation may essentially
change the pattern of curves in Figs. 3—5.

It should be also pointed out that the influence of the
Ramsauer effect may be neutralized in gaseous mixtures.
Thus, if argon is mixed with copper or helium which has
not the above effect, then the contraction of an arc is
increased (Figs. 3, 5). Moreover, with the use of the
resonance model, it is obtained that the existence of
the shape resonance for atoms which are included in
the gaseous medium leads to the intensification of the
constriction of an arc at low currents. This causes, in its
turn, the growth of the energy heat release in a discharge
(Figs. 3—5).

Thus, the arc discharge in a gaseous mixture
containing copper (while the shape resonance occurs) is
characterized by the strong contraction at low currents.
In this case, a decrease in the reduced current I/R is
not accompanied by the corresponding decrease in the
power of heat release in the plasma ¢o that remains
approximately constant (Fig. 4).

Thereupon, we indicate the fact that the problem of
the choice of a model of the cross-section for copper is
remained still unsolved. The experimental investigations
of such a cross-section were carried out only for energies
larger than 6 eV. Moreover, these results were critically
recalculated (see [9, 34]). It should be mentioned that,
if we take the non-resonance model, then the cross-
section for electron collisions with a copper atom is
similar to the corresponding cross-section for zinc [35]
that has no stable negative ion. The shape resonance
is known to be typical of atoms or molecules having a
high electron affinity (for copper, it has a comparatively
large value of 1.235 eV), for example, SFs [36]. In
addition, the thermodynamical characteristics of copper
(the temperatures and specific heats of boiling and
melting) have essential difference from those of zinc.
This is an evidence for the adequacy of the resonance
model for a copper atom.
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In the case of a free-burning arc, the radius R
should be considered as the glow-discharge radius (see
[7]). Since the latter is known to be proportional
to the arc current, we may conclude that, for a
free-burning arc in the gaseous mixture containing
copper, the enchanced contraction is manifested at low
currents stronger than that for a stabilized arc. We
also mention that the enchanced constriction and the
next leap expansion with increase in the current are
experimentally observed for a free-burning arc in copper
vapors [32, Fig. 3].

5. Conclusion

The contraction of an arc discharge in gaseous mixtures
essentially depends on the kinds of mixture components
and their concentrations in the mixture. The variation
of these concentrations has a strong influence on
the total heat transfer characteristics of the mixture
and the characteristics of electron-atom collisions that
determine the electrophysical parameters of an arc.
The constriction of an arc discharge in the selected
gaseous mixture is more pronounced in the case where
the gaseous thermal conductivity dominates in the heat
transfer processes.

The influence of the Ramsauer effect on the
contraction of an arc is revealed in the decrease in the
degree of constriction. But, in the gaseous mixtures, this
influence can be neutralized. The presence of a shape
resonance for the scattering of electrons on gas atoms
causes the intensification of the contraction. Thus, an
arc discharge in a mixture may be more constricted than
that burning in pure gases.

Under the presence of a shape resonance for a copper
atom, the strong arc constriction at low currents is
typical of the arc burning in the gaseous mixtures
containing copper.
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MEXAHI3MU KOHTPAKIII TYTOBOT'O PO3PSIIY
2. OCOBJINBOCTI KOHTPAKIII VT MAJIOT'O
CTPYMY B CYMIIIII IHEPTHOT'O

TA3Y 3 MUIJIIO

I1.B. Ilopuuybkuli
Pesmowme

Po3risgnyT0 BIJIMB XapaKTEPUCTUK Ta30BOTO CEPEOBHINA HA MPO-
I[eC TemI0BOT KOHTPAKLIT (CTAryBaHHS) JyrOBOrO PO3PSAAY B CyMimi
imepTHOro razy 3 wmigmioo. IIpoBeneHO poO3paxyHKH i NOKa3aHO,
[0 CTYHiHb CTACYBAaHHS JYyTOBOTO PO3Psy BH3HATAETHCS TeEI-
N0MI3UIHUMHE XapaKTePUCTUKAMH Ta30BOI CyMimmi Ta XapakTe-
PUCTHKAMHU €JIEKTPOH-aTOMHUX 3iTKHEHb. J[OC/IiIKeHO B3aeMHU
BuB edeKTiB PaM3ayepa Ta pesoHaHCy hOpMH HA XapaKTep KOH-
Tpakiii gyrosoro po3psany. [loka3zana MOXKIuBICTH HeiTpaJstizarii
BiuBy edexkTy PaM3ayepa Ha KOHTPAKILO Ayry B ra30Biil cywmimi.
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