PLASMA GENERATION IN THE LOW- PRESSURE GASD.C. DISCHARGE
WITH A SIMPLE EXAMPLE OF THE NOBLE GASSYSTEM

P.F. Kurbatov
I nstitute of Laser Physics SB RAS, 630090 Novosibirsk, Russa, e-mail: ion@laser.nsc.ru

A new general approach, laser representations and catastrophe theory have been taken to describe plasma generation
of the sdf- sustained gas D.C. discharge. Two regions of a sef-consistent effective electrica field with qualitatively
different structural properties of the positive column are found. All alows us to propose a logically self- contained
classification and a description of the low- pressure steady gas D.C. discharge with the well- defined positive column
for an atomic gas system and demonstrate the existence of the similarity laws for all regimes of such a discharge.
PACS: 05.40.-a, 05.45.+b, 51.10.+y, 51.50+v, 52.80.-s, 52.90+z, 64.60.-1, 64.70.-p

1. INTRODUCTION

The positive column is an elementary example of a
real discharge non-isothermic plasma, but until now a
satisfactory theoretical description has not been available.
The classical description of the positive column is given
in [1-5]. Its prediction of lack of striations, jumps, shock
waves, hysteresis and other phenomena is contrary to
fact, and the more so as a unit. The catastrophe model [6]
provides a good example for plasma states, jumps, and
hysteresis phenomena of the discharge plasma to be
described by means of a potential. How does this potential
come into existence in physics and what physica
processes are associated with it in the gas discharge?

It iswell known that ‘the processes of generation and
absorption of charged particles are processes that not
only determine basically the electrical properties of the
positive column, but also lead to the generation of a self-
sustained gas discharge by itself’ [7-9] and ‘this behavior
is related with an influence of the electric field on the
rate of ionized reactions and the reactions impart wave
nature to the behavior’ [10].
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Fig. 1. Thetypical current- voltage characteristic

If one notices the presence of structurally similar
regions at the current- voltage characteristic presented in
Fig. 1 one can see that they are smilar. What is mainly
physical responsible for these similar laws?

The purpose of this paper is to show that the
consideration of the physical processes that take place in
the positive column allows one to answer all the above-
mentioned questions.

We consider that it is just the positive column and that
the physical processes going on in the gas discharge are
an integral of it, and we can determine properties of the
discharge and unambiguoudy characterize its type. This
is illustrated by the example of an atomic gas system as
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ranked among the simplest and best to study. Theredlitic
modd of the given system asthe Van der Vaals modd of red
gas and the Landau- Ginzburg model of superconductivity
containsthe basic properties of real gas discharge.

2. MASTER EQUATION. GENERATION

AND SIMILARITY LAWS

From here on, a sdf- sustained gas discharge has a
positive column a a gas pressure of 1-100 mm of
mercury. The step processes and the volume
recombination of charged particles are of primary
importance in the postive column (see, for example, [1]
(pp. 238, 278)). An effort must be made to describe these
processes and analyze their effect on the properties of
this gas discharge.

There are two principal but mainly different
generation channels of electrons through the gas
ionization, like direct and step ionizations, in the
discharge. The absorption processes of charged particles,
in fact they al, reduce to their own mutual charge
neutralization; for example, with the assistance of a
geminate dissociative or an electron- ion recombination
(and other types of dissociative recombination) or a three-
body electron- ion recombination in a discharge plasma.
The latter process is known as the volume recombination
of charged particles.

In a discharge plasma, al available experimental data
(shown schematicaly in Fig. 1) show that the average
energy of eectrons isaways much less than the potential
of ionization of atomsin regions after the dark discharge,
such as regions 3,4,5,6,7. This fact indicates that the
mechanism of step ionization always dominates over the
other. Simple estimates, for example those given in [2],
confirm this assumption.

Let us derive a balance master equation for the density
of dectrons (and, naturaly, due to the plasma
quasineutrality for ions as well). Although we do not take
into account the phenomena in the vicinity of electrodes,
this equation allows us to explain correctly the major part
of the available experimental data and, in particular, the
behavior of the current- voltage characteristics. In what
follows, a modification of this equation made in order to
adjust it to more complete simultaneous equations
provides an understanding of the emergence of striations,
condition of their formation and hysteresis effect, etc. [7-
9.

It should be noted that even in this case so for the arc
discharge the parameter Ne/ Ny <<1, which governs the
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degree of ionization, does not exceed 0.1. Here, N, is the
density of neutral atoms. Away from the electrodes, the
balanced master equation for the density of electrons N
may be written as[7, 11]:

'nNe(x,t)z_ﬂu(Ne,E)JrD(E)@JrF, )
1t iNe "
where
U (Ne. E)

=K (Ne E) =m+(a - ag) Ne + byNe” +

TNe
)
is the generalized force K (N., E) associated with the
potential y (Ne.E) caled below a ionization potential.
The coefficients in the ionization potential U (Ng,E)
depend on the inherent self-consistent dectric fieldE
and are determined by the step ionization and other step

plasma reactions. The different plasma reactions give the
contributions to the coefficients ma,by,b,,.... These

3 3
+b,yNg™ +...- gNg

quantities are found by averaging over a plasma
ensemble. One can see that the structure of this potential
corresponds to the phenomenological potential of type
introduced in [6] to explain of the hysteresis phenomena
in a gas discharge. The ionization potential binds the
processes of generation and absorption of electrons
together. It has been just these processes, which have
lead to the form of the potential as being used for
description of the basic properties of the gas discharge
plasma system as a unit. Here, we mean that the local
quasineutrality condition Ng» Nj takes place in the

positive column, where the step processes are essentid
and the master equations are averaged over the typical
spatial size of the order of Debyeradius ry , i.e. the given
grain sizeis considered as a point. Here, for smplicity we
consider that D(E) is the ambipolar diffusion

coefficient, which does not depend on the electric field.

Equation (1) may be cited as a typical representative
of diffusion — plasma chemical reaction equations and
Langevin equations also [7, 11, 12]. Similar Langevin
equations form a basis for the superconductivity theory
(The Landau-Ginzburg equation), laser, etc. [13]. A
distinctive feature of our approach is that we have
refined the mechanisms of electron ionization and
absorption and have dropped the ambipolar diffusion
term and the fluctuating force F for the present.

Extremes of the ionization potential U(Ne,E), namely,
the condition

U (N, E) 3
iNe
define plasma dsates of gas discharges. By

transformations of a shift, an expansion etc., the
condition can be put in agiven initial canonical form

1U (Nt p(E).a(E))
Ng®
Taking to zero the derivative of the ionization

potential U (Ne, p, q) (4) with respect N, can be conceived
of as a surface, p (E) and g (E) being coordinates in a

=-K(Ng,E)=0>

= Ne@ + p(E) Ne¢+q(E) -0-(4)
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generalized three- dimensional (Ne, p, ) space in which
the structure of the potentia to be reduced to a canonical
form after Thom [14]. The surface cadled as the
ionization equilibrium surface is a universa form called
the ‘wrinkle'. The projection of the surface on the (p, g)
plane is shown on Fig. 2. The properties of physica
systems, whose ionization equilibrium surfaces are
described by equations (3) and (4), are smilar to each
other, as these transformations do not change the
topology of surfaces. The similarity lawsfor types of such
adischarge are aresult of thisfact.

All functions parameterized by control parameters
from range | (see Fig. 2) have a unique minimum. All
functions of the considered form parameterized by points
of range Ill should have the two local minima and only
the one local maximum.
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Fig. 2. The projection of the surface on the (p, q) plane
There are paths (p, g) corresponding to its V-A
characteristic and its local ionization potential

U (Ne, p, q) for any one of gases in the gas discharge.
Every this path has a behavior of a given physical system

The physical system deals with the terminal group of the
behavior despite the fact that it moves over the equilibrium
surface dong a path of complex shapes. From this
consideration of the ‘datic’ properties of the potentia
U (N, p, g) it follows that the qualitative behavior of the
plasma sytem depends on the parameers
®a) = EE),qE). Range | and regions with even
numbering (2, 4, 6...) in the current- voltage characteristic
[7] can be said with certainty to correspond to solutions with
spatial homogeneity of a certain type of the sdf- sustained
discharge. Range 11 and regions with odd numbering (1,3,5)
correspond to the transition zones between adjacent types of
sdf- sustained discharge [8,9]. Over these regions of physical
parameters, the plasma system takes place in ether the
discharge mode with the appearance of jumps, hysteress and
gretified phenomena. There are shedts (floars) of sates with
various densities of eectrons and ionsin gas discharges, and
thetrangtion regions are interconnected ‘esca ators .

Let us analyze the stationary solutions of equation (4)
in order of increasing ionization parameter Ne/ Na. The
discharge shown in Fig.1 in region 1 of the current-
voltage characteristic can be determined from the linear
approximation of equation (1):

Nel@m/ (a - ao). (5)
If the direct contribution of the coefficient a can be
neglected (a »0) due to the threshold dependence on the

electrical field E, equation (5) takes the following form:
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Ne:@m/a,. (6)
A breakdown occurs as the field E reaches its threshold
or critical value E=E§ =Ef,. Expression (5) becomes

infinite at this point. It shows that it is necessary to take
into account the saturation effects in  eectron
multiplication. The two-particle electron-ion dissociative
recombination is mainly responsible for the electron
losses at the stage of the Townsend (shaping dark)
discharge [1-5], saturation being determined by a
nonlinearity that is quadratic on Ng.

U (N, .EX

Fig. 3. The modification of the ionization potential
U (Ne,, E) in close vicinity to the point of breakdown

Fig. 2 a show modifications of the ionization
potential U (Ne,, E) versus the strength of the (self-
consistent) electrical field E. The structures of transitions
at critical pointsareidentical.

The physically inaccessible range, negative in Ng, in
the ionization potential U (Ne,, E) is isolated. It is shown
by a dashed line. These two minima, namely the usual
and the conditional, will be realized as two stationary
stable solutions of equation (3) in this approximation.
The conventional minimum of the ionization potential in
the neighborhood of zero is actually displaced and
determined by approximate formula (6) obtained earlier.
The stable solution is associated with the usual minimum
of the ionization potential U (Ne,, E) and corresponds to
the self- sustained mode, called the dark or Townsend
discharge. The densities of electrons and the current
within region 2 are determined by the formula

(7)

The transition from the non-self- sustained (chaotic)
mode to the self- sustained mode of the gas discharge

takes place in the vicinity of the critical point E§ = Efz

and is associated with the Townsend breakdown. This
transition can be quditatively distinguished. The
transition zone under study is an isolated point and is
separated from other transition zones corresponding to
the finite interval of the electric field between other types
of the sdlf- sustained gas discharge. In the latter case,
stratified or hysteresis phenomena are observed.

Thus, the first self-consistent state, named the dark or
Townsend discharge, has the density of electrons (and
‘ionic skeleton’) (7). The existence of falling region 3 in
Fig. 1, when passing from the dark (Townsend) discharge

(2) to the glow one (4), suggests that it is necessary to
take into account the next expansion terms in equation
(4) down to the third degree on Ne. The mechanisms
providing the effects of saturation of the following order
are directly connected with volume recombination.

Region 4 of the current- voltage characteristic is in
agreement with the self- sustained mode called a glow

discharge. Here, the coefficient by met with in b1N62

has the sign opposite (plus) to that in the case discussed
above (namely, for the quadratic-law mechanism of
saturation, where this coefficient has the minus sign). It
is mainly determined by step ionization. The sationary
solutions of equation (4) in this approximation are found
from the expression [15]

(9)

Region 6 of the current- voltage characteristic is in
agreement with the self- sustained mode caled an arc
discharge. The density of electrons (ions) is given by
similar formula (8) provided that
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In upper hardly rising region 4, where p = p(E) >0, the

possibilities for the existence of a multiplication channel
through the metastable excited atoms have reached a
certain limit, and the competition between the direct and
stepwise processes is beginning again. The mode states of
the discharge corresponding to falling regions 3 and 5 are
unstable from stratification. We do not consider transition
region 5 for the same reason, and come to region 6 of the
current- voltage characteristic, which is called the arc
discharge or the electrica arc. Here, the multiplication
process of electrons takes place through the metastable
state of singly charged ions or ionic complexes, and the
main mass of ions becomes double ionized at the end of
region 6. Experimental data [1] correspond to sharp rise
region 6. They indicated the limit of the possibilities of
saturation of electron multiplication by stepwise processes
through singly charged ions in the discharge
characteristic. In region 6 of this characteristic, the rise of
the discharge characteristic is the same as that of region
4. The falling (transition) region 7 and subsequent
regions 8, 9, 10 have not yet been observed
experimentally. It seems that the following stages of
stripping are possible, and there should be other types of
sdlf- sustained discharge.

p=p(E) (10)
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Thus, the physical basis of the similarity between the
properties of the regions of current- voltage characteristic
represented in Fig. 1 is a replacement of one type of

*

stepwise processes, A +e® A +2e, by another
*

related stepwise process, AT re® AT 426, Here,

A , A" are the metastable excited atoms and the singly

charged atoms, respectively, and A", A" are the
remaining states of singly and double charged ions. These
plasma reactions are analogous to some chemical ones
[12, 13]; for example, Belousov-Zhabotisky reactions (see
references in [13]) in which, under homogeneous
conditions, there were periodic spatio-temporal
structures analogous in conception to such phenomena as
striations. What this means that Pekarec’s prediction
[10] has been justified.
3. CONCLUSIONS

It is clear that analysis of the balance control equation
(1) can be complicated by the inclusion of ambipolar
diffusion, the electron affinity electron, etc. The previous
classification, however, will remain and can be applied to
gas discharges in the pressure range where stepwise
processes are essential. In our opinion, this method for
attacking the problem of plasma generation gives a clue
to the understanding of the nature of globe lighting.

The introduction of a general potentia provides a
basis understanding of the general concept of the
phenomena in gas discharges. The potential gives an
insight as Townsend, glow and arc types (or modes) of
the gas discharge and relations in between are closely
associated with plasma reactions. Analysis of plasma
system dynamics with the potential offers a clearer view
of how the phenomena in the gas discharge as a unit
come into being.

| wish to thank S. Bagaev and A. Tumaikin for
valuable discussions and support of this work.
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T'EHEPALUSA ITVIA3SMbI B TA3OBOM PA3PSIJIE, BO3BYX XJIAEMOM ITOCTOSIHHBIM TOKOM,
HA IMTPOCTOM NPUMEPE CUCTEMBI U3 BJIATOPOJTHOI'O I'A3A
I1.®. Kypoamoe
HoBe1if 0000IIeHHBII METON, JTa3epHBIC IPESACTABICHIS U TEOpUs KaTacTpod OBLTM UCTIONB30BAHBI LTS OIFICAHUS TeHEPAITH
IUTIa3MBl CaMOCTOSITENIBHOTO Ta30BOTO pa3psizad, BO30Y)KIAeMOTO IOCTOSHHBIM TokoM. OOHapyXeHbl J1Ba Buzma oOnacTei
CaMOCOIIACOBAaHHOTO A(M(EKTUBHOIO JJEKTPHYSCKOIO TIONS C KAYECTBEHHO PA3IMYHBIMH CTPYKTYPHBIMH CBOHMCTBAMH
TIONIOXKUTEIIFHOTO cTON0a. Bee 3TO TMO3BONIAET MPEIUIOKHTH JIOTHYECKH CaMOCOIIACOBAHHYIO KIIACCH(MKALMIO W ONMCAHHE
CTallMOHAPHOTO Ta30BOTO pa3psla MOCTOSHHOIO TOKA C XOPOIIO ONPEICTICHHBIM IOJOKHUTEIBHBIM CTOIOOM Ui aTOMapHOM
ra30BOM CUCTEMBI H IPOJIEMOHCTPHPOBATH CYILIECTBOBAHHE 3aKOHOB MOZO0MS BCEX PEXKUMOB TAKOTO pa3psijia.

TEHEPAIIIA IJTA3MHA B TA30BOMY PO3PS/II, IO 3BYKYETHCSA MOCTIMHAM CTPYMOM,
HA ITPOCTOMY NIPUKJIAAI CUCTEMMU I3 BJATOPOJHOTI' O T'A3A
I1.®. Kypoamoe

HoBwit y3aranpHeHmiT MeToq, Ja3epHi 300pakeHHs 1 Teopis KatacTpod OynmM BHKOPHCTaHI U OIMKCY TeHEparli IUIa3Mu
CaMOCTIIHOTO Ta30BOI0 PO3pPsLY, M0 30YMKYEThCS TIOCTIHHAM CTpyMOM. BusBieHO mBa BumM ofmacTell caMOY3rODKEHOTO
e()eKTHUBHOTO EJIEKTPUYHOIO TOJIS 3 SIKICHO PI3HUMH CTPYKTYPHHMHM BJIACTHBOCTSIMH ITO3UTHBHOTO CTOBIA. Yce IIe JO3BOJISIE
3aIPONOHYBATH JIOTTYHO CAMOY3TOIDKEHY KITacH(DiKalliro i OMMC CTaliOHAPHOTO Ta30BOTO PO3PSTY TIOCTIHOTO CTPYMY 3 H00pe
BU3HAYCHUM ITO3UTUBHIM CTOBIIOM JUISl aTOMAPHOI Ta30BOI CHCTEMH 1 MPOJICMOHCTPYBATH iCHYBaHHS 3aKOHIB TIOIOHOCTI BCiX
PEXKHUMIB TAKOTO PO3PSAY.
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