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The influence of properties of a gaseous medium on the processes

of contraction (self-constriction) of an arc discharge in the

atmosphere of inert gases is theoretically considered. The

calculations 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
characteristics of electron-atom collisions. It is revealed that the

Ramsauer effect has an influence on a character of the contraction

of an arc discharge.

Introduction

Electric arc discharge occurs in a gaseous channel
that has an electrical conductivity. The conductivity
of the arc plasma is a result of thermal ionization at
temperatures relatively high as compared to that of
electrodes. Also, there is a balance between both the heat
generation in plasma due to the electric current and the
heat flux towards electrodes and the external gas.

The contraction (self-constriction) of a discharge
takes place if the following conditions are met [1�4] :
(1) bulk neutralization of charged particles dominates
their diffusion drift to walls of a discharge chamber;
(2) frequency of the formation of charged particles
sharply decreases from the axis to the chamber walls.
Thus, the degree of contraction of a discharge depends
upon the nonuniformity of the temperature across its
section. In particular, thermal contraction is caused
by the fact that 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 turn, to a
decrease in the concentration of electrons because of the
intensification of the recombination processes.

As a rule, the thermal contraction of an arc discharge
takes place under high pressure or middle one. On
the other side, for a low-pressure arc discharge and
glow discharge, when the processes of heat transport
are negligible, the concentration contraction is typical,

which is mainly due to a nonlinear dependence of the
ionization coefficient on the concentration of plasma
components [2, 3].

The amount of energy that is transferred to heavy
particles from electrons, has a strong dependence on a
type of the particles (atoms, ions, molecules, clusters,
etc.). Because of that, the process of contraction has an
essentially different character in various gaseous media.

As a rule, in the calculation of both the transport
coefficients and the temperature of plasma components,
the frequency or the cross-sections of electron-atom
collisions are assumed to be independent of the
electron energy to simplify calculations [4�7]. However,
the cross-sections of electron-atom collisions may be
characterized by a nonmonotonous dependence on
electron energy. Especially, the deep minimum is
observed for certain noble gases and alkaline metals.
This phenomenon is called the Ramsauer effect that has
an influence on the plasma properties.

In this paper, the real cross-sections are taken into
account, and the influence of characteristics of the
gaseous medium on the process of thermal contraction
in the atmosphere of various inert gases is studied.

The contraction is usually considered as a negative
phenomenon that restricts an application of arc
discharges [1]. However, on the other hand, in certain
cases, namely the contraction can be a base in
applications of arc discharges in technology [8].

1. Local Thermodynamic Equilibrium

The state of the plasma of an arc discharge at a
normal or high pressure is described as a state of local
thermodynamic equilibrium (LTE) [7, 9]. Because of
the high concentrations of atoms and electrons, the
collision processes play a significant role in that plasma.
In this case, the diffusion of particles due to a space
inhomogeneity is negligible, and the state close to
equilibrium is supported at each point of the discharge.
The two-temperature model of plasma is considered in
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the case where a state is described by both the certain
gaseous temperature T and the electron one Te, which
corresponds to a Maxwellian function of distribution
of atoms and electrons over velocities. There is the
ionization equilibrium relative to Te.

The temperatures are established due to the
interactions of electrons with external fields, the
collisions of electrons with atoms and heat transfer in
the cross-section of the discharge. But, the interrelation
between both the gaseous temperature and electron
one is only determined by collision processes and the
interaction of electrons with an electric field. In the case
where a gas-discharge plasma is in a constant electric
field of intensity E, an equation which determines the
interrelation between both the gaseous temperature and
electron one has the form [1, 7, 10]

[Te � T =
ma

3k

�
eE

me

�2


u2
Æ
�ea

�
hu2�eai

; (1.1)

where ma is the atomic mass, k is the Boltzmann
constant, e is the electron charge, me is the electron
mass; u is the electron velocity, vea is the frequency of
electron-atom collisions; the angular brackets denote the
averaging with the Maxwellian distribution function of
electrons over velocities.

Consider a gas at low ionization, when

kTe << EI : (1.2)

Here, EI is the effective energy of ionization of a gaseous
medium.

For the regime of discharge, when LTE occurs, the
number density of electrons ne at the point of discharge
is connected with the number densities of ions ni and
neutral atoms na by the Saha formula [7, 11]

neni
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2�mekTe
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exp

�
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kTe

�
; (1.3)

where h is the Planck constant, gi; ga are the statistical
weights of ion and atom, respectively.

It should be pointed that, because of condition (1.2),
the density of excited atoms in plasma is small in
comparison to the density of atoms in the ground state.

The criterion of local ionization equilibrium has the
form [7, 12]

�rec << �dif ; (1.4)

where �rec �
�
Kn2e

��1
is the characteristic

recombination time for electrons, ànd �dif =
r
2

PS

agDamb

is the characteristic diffusion time of electrons from the

plasma region. Here, K is the three-body recombination

rate constant which is equal toK = 6:4�10�22(1000=Te)
9=2

cm6=c [3�5], where temperature is expressed in K; rPS
is the plasma region radius, ag is a geometric factor (for
the cylindrical form, ag = 5:78 ) .

Thus, the local ionization equilibrium takes place if

� =
�dif

�rec
=

Kn2
e
r2PS

agDamb

>> 1 (1.5)

2. 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 the local current density and ignoring
the radiant transfer, the heat transfer equation (the
Elenbaas-Heller equation [4, 13]) can be written as

1

r

d

dr

(
r

"
�(T )

dT

dr
+

+(�e(Te) + �p(Te))
dTe

dr

#)
+ q(r) = 0: (2.1)

Here, r is the distance from the discharge axis,
� (T ) ; �e(Te); �p(Te) are the coefficients of gaseous,
electron heat conductivity and that due to the
ionization-recombination process, respectively; q (r) =
j (r)E is the power of heat release per unit volume;
j (r) = �E is the electric current density, and � is the
electric conductivity of plasma.

Equation (2.1) describes the heat transfer in a cross-
section of an arc discharge. The temperature field
is obtained from the solution of this equation. The
boundary conditions may be taken in the following
manner: the temperature at the center T (0) = T0, and
the temperature at the wall of a discharge tube (r = R)
T (R) = TR = const.

Since LTE occurs in the plasma region, which is
determined by its heat balance, the temperatures of
electrons and gas are varied weakly. That fact allows
to obtain an approximate solution of Eq. (2.1) by using
the method stated in [4�6]. Accordingly to this method,
we assume that the dependences of the current density,
power of heat release, and correspondent quantities on
the temperature in the cross-section of a discharge are
given. The coefficients in Eq. (2.1) are assumed to be
constant, and their values are set on the discharge
axis. In this way, we can transform Eq. (2.1) to an
ordinary differential equation. An analytical solution of
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this equation gives the distributions of temperatures,
current density, and other values over the discharge
cross-section.

The analytical solution of Eq. (2.1) is important
despite its approximate nature because this allows us
to analyze the influence of various physical mechanisms
on the distributions of temperatures and other values
over the cross-section of the discharge.

By introducing a new variable � = [Te(0)�Te(r)]EI

2kT 2e (0)
,

we obtain ne (r) = ne (0) exp (��). Respectively, the
current density and the power of heat release varied
over a cross-section as j (r) = j0 exp (��) and q (r) =
q0 exp (��), where j0 = j (0) , q0 = q (0). Moreover,
�e � ne � exp(��) and �p � ne � exp(��). Then,
by introducing the dimensionless variable x =

�
r

R

�2
, we

reduce the equation of heat balance (2.1) to

d

dx

�
x [exp (��) + �]

d�

dx

�
� A exp (��) = 0 (2.2)

where the parameters are as follows:

� = �T
� (T )

�e (Te) + �p (Te)
;

A =
q0R

2EI

8kT 2
e
(�e (Te) + �p (Te))

; �T =
dT (r)

dTe(r)
:

The first term in Eq. (2.2) corresponds to the heat flux
due to heat conductivity, and the second characterizes
the heat flux connected to the current through plasma.

In the limit case where the heat flux is determined
by the gaseous heat conductivity (� >> 1 ), the solution
of (2.2) is

� = 2 ln (1 + (Ax/2�)) ; (2.3)

which corresponds to the following distribution of the
number density of electrons over a cross-section:

ne(r) = ne(0) exp(��) = ne(0)F (r) (2.4)

where F (r) = 1
(1+(r=:rg)2)2

, rg =
16�T kT

2

e �(T )

q0EI
. Similar

formulas describe the distributions of temperatures,
current density, and power of heat release.

The connection between the power of heat release per
unit length Q and the temperature at the center can be
obtained by the integration of q (r) over the cross-section
of discharge:

Q = IE =

RZ
0

q (r) 2�rdr=
16�kTe� (T ) �T

EI

; (2.5)

where all the values on the right-hand side are taken at
the center of the discharge.

In the second limit case where the heat flux is
determined by electron heat conduction (� << 1), we
obtain

ne (r) = ne (0) exp (��) = ne (0)J0

�
2
p
A
r

R

�
;

0 � r � rJ ; ne (r) = 0; r > rJ : (2.6)

For Q, we have

Q = IE =

Z
q (r) 2�rdr � 1:36q0r

2
J
=

=
15:7kT 2

e
(�e (Te) + �p (Te))

EI

: (2.7)

Grouping relations (2.5) and (2.7), we obtain a
general expression for the power of heat release per unit
length of discharge:

Q = IE � (16�T� (T ) + 5 (�e (Te) + �p (Te)))
�kT 2

e

EI

:(2.8)

The effective radius of plasma r0 (a contraction
radius) is defined as

RZ
0

ne (r) 2�rdr = 1:36ne (0) r
2
0 : (2.9)

Then, with regard for (1.2), (2.4), (2.7,) we obtain

r20 = (37:1�T� (T ) + 11:6 (�e (Te) + �p (Te)))
kT 2

e

q0EI

:(2.10)

If r0 characterizing the discharge plasma size is small
as compared to the radius of a discharge tube R, the
contraction takes place. In addition, it follows from
(2.10) that if the energy release is increased, then the
plasma region size is decreased.

To calculate the parameters of the discharge, we need
to obtain an additional relation. We introduce a heat
potential function as

S =

TeZ
0

(�e(T
0

e) + �p(T
0

e))dT
0

e +

TZ
0

�(T
0

)dT
0

: (2.11)

Let condition (1.2) be hold. By assuming that � (T ) �
T  and the gaseous and electron temperatures are equal
to their values on the discharge axis, we get

S = (�e (Te) + �p (Te))
2kT 2

e

EI

+ � (T )
T

1 + 
: (2.12)

ISSN 0503-1265. Ukr. J. Phys. 2004. V. 49, N 9 885



P.V. PORYTSKYY

On the other hand, twice integrating (2.1), we have

S = 0:215q0r
2
0 ln

�
R

r0

�
: (2.13)

These expressions are used to calculate the
characteristics of the arc discharge.

To study the separation between both the gaseous
and electron temperatures in various gases, we write
(1.1) as

Te � T =

�
E

na

�2

g (Te) ; (2.14)

where g (Te) = ma

3k

�
e

me

�2 hu2/keai
hu2keai

, kea = �=na =

u��
ea
(u) is the rate constant of electron-ion collisions, and

��ea is the momentum-transfer cross-section of electron-
ion collisions.

The function g (Te) does not depend on the electrical
field strength E or the atomic number density na and
thus is the universal characteristic of the indicated
temperature separation.

In the calculations of the parameters of an arc
discharge, the momentum-transfer cross-sections are
taken from [14, Chapter 14]. The electric conductivity of
plasma and the electron heat conductivity are described
by the following formulas [11, 15]:

� =
nee

2


u2
�

me hu2�eai
; (2.15)

�e =
5

2

nek
2Te



u2
�

me hu2�eai
: (2.16)

The heat conductivity of gases does not practically
depend on pressure (excepting the case of low pressure),
and the coefficient of heat conductivity of noble gases is
approximately described by the formula [16]

� = �273 (T=T273)

; (2.17)

where T273 = 273:16 K, �273 = � (T273), 0:7 <  < 0:95.
Upon increasing the ionization degree � = ne=N up

to 10�4 � 10�3, it is essential to consider the Coulomb
collisions of electrons with ions. In the used formulas, we
should replace the frequency of electron-atom collisions
by that of collisions of electrons with heavy particles
(atoms and ions) ve = vea + vei, where vei is the
frequency of electron-ion collisions that are expressed
via the momentum-transfer cross-section of Coulomb
collisions ��

ei
(u) [15]:

�ei (u) = niu�
�
ei (u) =

1

4�
ni

�
e2

me"0

�2
Lei

u3
; (2.18)

where "0 is the electric constant; Lei = ln
�
12�"0kTerD

e2

�
is

the Coulomb logarithm, rD =
q

"0kTeT

nee
2(Te+T )

is the Debye

radius.

The coefficient of heat conductivity defined by the
processes of ionization-recombination can be calculated
[1, 9] as

�p =
Dambne

2

�
EI

kTe

�2

: (2.19)

This value can be essential for the total heat
conductivity due to a large value of (EI/kTe)

2
.

The coefficient of ambipolar diffusion is expressed via
the ion diffusion coefficient Dion by the formula [7, 17]

Damb = Dion

�
1 +

Te

T

�
(2.20)

In turn, the coefficient of ion diffusion is mainly
determined by the resonant intercharging and may be
calculated [17] as

DionN = di0

r
T

Ti0
; (2.21)

where di0 is the constant for certain types of ions and
ambient gases, and Ti0 =1000 Ê. In calculations, we used
the data on ion diffusion [17, 18].

The above-presented relations (2.8), (2.10), (2.12),
(2.13) with (1.3), (2.14)�(2.21) allow us to obtain the
parameters of discharge, with taking into account the
additional conditions that are the following the electric
field strength and the pressure are constant (E = const
and p = const) over the cross-section of discharge. We
also used the equation of state p = NkT + nekTe �
nakT , where N is the number density of heavy particles,
the condition of quasineutrality of plasma, and the Ohm
law I = �E�r20 . This system of equations allows us
to obtain the values of E; Te; T; ne; na; N; r0 under the
desired values of the arc current I and pressure p and
vice versa.

It can be shown that the calculated characteristics of
an arc discharge will be described by the unified curves
in coordinatesER, and I=R, r=R that is the consequence
of a general symmetry of the system of equations which
describes an arc without the radiant transfer [19].
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Fig. 1. Volt-ampere (E� I) characteristics of arc discharges ( p=1

atm., R= 0.75 cm). Curve 1 is the result of calculations for He, 2

� Ne, 3 � Ar, 4 � Kr, 5 � Xe

3. 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 wall of the discharge tube.
This situation corresponds directly to an arc stabilized
by walls. Such an arc is characterized by the increasing
E � I characteristics at high current contrary to a free-
burning arc which has decreasing characteristics [13].

On the other hand, because of the constriction of
a discharge, the plasma occupies a small region at
the discharge center. It would be expected that when
the radius of contraction is much smaller than the
tube radius, the calculated parameters would be weakly
depended on the further increasing of the tube radius.
Because of that, the case of R >> r0 can be considered
as the case corresponding to a free-burning arc.

The stabilizing wall can be conditional. This role may
be played by the gaseous streams due to convection,
external fanning [9, 13, 20], or evaporation from
electrodes [8, 13]. We note that, for a free-burning
arc, it is recommended to take into account the glow
discharge radius [21] and the influence of molecular
and electronegative impurities on the temperature
distributions in a discharge [8].

The considered model corresponds to the idealization
of a long arc where the heat flux is transferred to the
walls [13, 20]. The antipode of a long arc is a short arc
where the heat flux is transferred into electrodes, and
thus the near-electrode processes are important.

In Fig. 1, the calculated volt-ampere (E � I)
characteristics of the arc discharges at atmospheric
pressure are presented, and Fig. 2 shows the calculated

Fig. 2. Unified volt-ampere ER � I=R characteristics of arc

discharges (p =1 atm.). Curve 1 is the result of calculations for

He, 2 � Ne, 3 � Ar, 4 � Kr, 5 � Xe

Fig. 3. Electron and gaseous temperatures in the arc (p =1 atm.,

R=0.75 cm). 1 � He, 2 � Ne, 3 � Ar, 4 � Kr, 5 � Xe. Points O

correspond to the experimental data for Ar [21]

unified volt-ampere characteristics in the coordinates
ER � I=R. In Figs. 3 and 4, the interdependences
between the electron temperatures and the gaseous
temperature are presented for the arc at atmospheric
pressure.

It should be pointed that, for Ar, Kr, and Xe, the
curves increase at R = 0:75 cm, but they decrease
for He and Ne (Fig. 1). The above-presented results
of calculations are close to those of measurements of
the electric field strength in arcs for various inert gases
[13] and temperature in an argon arc [21]. Thus, at the
discharge regimes corresponding to the current densities
j0 < 8:5 � 102 A/cm2, the discrepancy between the
calculated results and experimental data [21] is at most
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Fig. 4. Electron and gaseous temperatures in the arc (p =1 atm.,

R=7.5 cm). 1 � He, 2 � Ne, 3 � Ar, 4 � Kr, 5 � Xe. The points

O correspond to the experimental data for Ar [21]

Fig. 5. Reduced radius of contraction r0=R of an arc discharge vs

the reduced current I=R ( p=1 atm.). 1 � He, 2 � Ne, 3 � Ar, 4

� Kr, 5 � Xe

30% (see Figs. 3 and 4). Our results agree well with
those of calculations for a xenon arc [6]. The latter were
derived within a simpler model. There, the independence
of the cross-sections on the electron energy was assumed,
which does not allow one to calculate the region of
temperatures corresponding to the Ramsauer minimum
with a good precision.

From the results of calculations of the parameters
of arc discharges at given I and R (see Table and Fig.
5), it may be deduced that the contraction of an arc
discharge is stronger pronounced in the case where the
gaseous thermal conductivity is dominated in the heat
transfer processes, which corresponds to the regimes of
discharge with relatively low currents and, as a rule, at
low electron temperatures.

With increase in a current under the condition of
constant R, which causes the increase in the electron
temperature, the plasma region of the discharge is

expanded. At a further increase in the current, the
plasma region size is determined by the competing
processes of constriction-expansion. Therefore, the
contraction radius is varied weakly (Fig. 5). If we neglect
this weak dependence of the contraction radius on the
reduced current I/R, then it may be obtain that r0

R
�

const, i.e. r0 � R under the domination of electron heat
conductivity. Here, we recall that, with regards for the
conclusion in [22], a linear dependence of the contraction
radius on the tube radius is a general rule for the thermal
contraction.

In the case of the dominating electron heat
conductivity, the more constricted discharge takes place
in helium in comparison with the other inert gases for
the same current.

Also, it should be noted that Ar, Kr, and Xe belong
to the gases wit h a remarkably expressed Ramsauer

Parameters of arc discharges at atmospheric pressure

Gas I, A R, cm r0, mm E, V/cm T , K Te, K Q, W/cm q0, W/cm3 � � �

Ar 0.5 0.75 2.90 4.60 1110 6220 2.3 20 4.7�10�5 1.6 78

Ar 50 0.75 3.36 3.04 5380 8720 1.5�102 9.8�102 9.0�10�3 9.9�10�2 8.6�103

Ar 100 1.5 6.5 15.9 6150 8680 1.6�102 2.7�102 9.0�10�3 0.11 2.3�104

Ar 200 7.5 27.6 0.40 6810 7970 81 7.8 3.5�10�3 0.33 7.0�104

Xe 0.5 0.75 2.75 4.19 1870 5100 2.1 20 1.3�10�4 1.7 1.5�103

Xe 50 0.75 3.44 2.59 5690 7620 1.3�102 8.1�102 2.9�10�2 4.9�10�2 6.1�105

Xe 100 1.5 6.6 13.6 6400 7600 1.4�102 2.3�102 3.0�10�2 5.5�10�2 1.7�106

Xe 200 7.5 29.8 0.29 6820 6920 58 4.8 1.2�10�3 0.14 7.0�106

Kr 0.5 0.75 2.65 3.44 1270 5540 1.7 18 4.8�10�5 0.83 1.5�102

Kr 50 0.75 3.45 2.47 4120 7810 1.2�102 7.6�102 7.9�10�2 4.4�10�2 4.3�104

Kr 100 1.5 6.6 12.6 4870 7750 1.3�102 2.0�102 7.8�10�3 5.6�10�2 1.0�105

Kr 200 7.5 30.7 0.28 5640 7070 56 4.4 2.9�10�3 0.17 3.0�105

He 100 0.15 0.57 42.1 12130 18410 4.2�103 9.7�105 0.12 2.7�10�2 21.4

He 200 0.75 2.53 10.1 13440 16670 2.0�103 2.3�104 5.3�10�2 0.23 99

Ne 100 0.15 0.67 22.4 5560 13590 2.2�103 3.7�105 4.6�10�2 6.8�10�3 5.5�102

Ne 200 0.75 3.15 4.35 8060 12370 8.7�102 6.5�103 2.1�10�2 4.2�10�2 1.4�103
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effect which has a quantum nature and is revealed
by the presence of a minimum in the momentum-
transfer cross-section of electron-atom collisions in
the energy range 0.4�1 eV. This effect causes the
high transparency of a weakly ionized gas for such
electrons and increases the difference between the
gaseous and electron temperatures, which, in turn,
causes the expansion of the discharge.In Figs. 3 and 4,
the characteristic deflection corresponds to the region of
the Ramsauer minimum.

But, it should be take into account that, because
of the differences of values of the momentum-transfer
cross-sections, the influence of the above-pointed effect
on the discharge constriction has the bright distinctions
for different noble gases. Thus,in the case where the
gaseous heat conductivity is dominated, a xenon arc is
more constricted than an argon arc at the same current.
But, with increase in the current (and, consequently,
in temperature), the above relation can become inverse
(see Fig. 5). Therefore, an application of xenon arcs may
be recommended only for the low-current processes of
microplasma welding [23].

Also, it should be pointed out that, in the plasma of
a low-current arc, the ionization equilibrium cannot be
maintained (for example, for Ar with I < 0:2 À at R =
0:75 cm). In that plasma, the role of diffusion is increased
and that of heat transfer is decreased. Under that
conditions, the separation between the temperatures is
determined by pecularities of the above-pointed function
g (Te), because the case will be possible when a decrease
in the current corresponds to an increase in the electron
temperature [12, Fig. 4.1]. But this does not mean that
the contraction radius is increased because, along with
the thermal mechanism, the discharge constriction will
be determined by the concentration mechanism.

Thus, the relation between the degrees of constriction
of an arc discharge in noble gases is different for
the certain regimes of discharge and depends on the
temperature of electrons in the plasma of discharge.

Conclusion

The degree of contraction of an arc discharge is
determined by the heat transfer characteristics of the
gaseous medium and by the characteristics of electron-
atom collisions.

The contraction of an discharge is more pronounced
in the case where the gaseous thermal conductivity
dominates in the heat transfer processes.

The presence of the Ramsauer effect for a gas where
an arc is burning has an essential influence on the process

of contraction, which is revealed in a decrease in the
constriction of an arc discharge in the correspondent
temperature range.
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P.V. PORYTSKYY

ÌÅÕÀÍIÇÌÈ ÊÎÍÒÐÀÊÖI� ÄÓÃÎÂÎÃÎ ÐÎÇÐßÄÓ

1. ÎÑÎÁËÈÂÎÑÒI ÒÅÏËÎÂÎ� ÊÎÍÒÐÀÊÖI�

Ï.Â. Ïîðèöüêèé

Ð å ç þ ì å

Òåîðåòè÷íî ðîçãëÿíóòî âïëèâ õàðàêòåðèñòèê ãàçîâîãî ñåðå-

äîâèùà íà ïðîöåñ êîíòðàêöi¨ (ñòÿãóâàííÿ) äóãîâîãî ðîçðÿ-

äó â àòìîñôåði iíåðòíèõ ãàçiâ. Ïðîâåäåíî ðîçðàõóíêè òà ïî-

êàçàíî, ùî ñòóïiíü ñòÿãóâàííÿ äóãîâîãî ðîçðÿäó âèçíà÷à¹òü-

ñÿ òåïëîôiçè÷íèìè õàðàêòåðèñòèêàìè ãàçîâîãî ñåðåäîâèùà

òà õàðàêòåðèñòèêàìè åëåêòðîí-àòîìíèõ çiòêíåíü. Âèñâiòëå-

íî âïëèâ åôåêòó Ðàìçàóåðà íà õàðàêòåð êîíòðàêöi¨ äóãîâîãî

ðîçðÿäó.
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