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Kinetic model of ionization waves in a positive column at intermediate pressures in inert gases
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A kinetic model of ionization waves in the inert gas discharge is constructed, which is based on the
simultaneous solution of the kinetic equation for electrons and the continuity equations for ions and excited
atoms. The model corresponds to a range of intermediate pressures and small currents, when elastic collisions
dominate in the electron energy balance and electron—electron collisions are negligibly small. A linear theory
of ionization waves is constructed, growth rates and frequencies of wave disturbances able to propagate in
plasma are found. It is shown that there is an upper bound to the existence of striations by pressure, as well as
the lower bound by current. The self-consistent solution of the source system of equations is obtained, which
describes a nonlinear wave. The profile of electric field and the electron distribution function in this field are
calculated. The results of calculations are compared with the experimental data. The wavelengths obtained are
essentially larger than the electron energy relaxation length. Such waves cannot be described within the limits
of fluid models.

DOI: 10.1103/PhysReVE.63.036409 PACS nuniher52.35.Mw, 52.25.Dg, 52.80.Hc

I. INTRODUCTION reason is that, for waves with such a length, the disturbance
of the ionization rate is in phase with the electric field, and
It is well known that the positive column of a discharge in the disturbance of the electron density is in antiphase.
inert gases in a wide range of pressures and currents is found Nevertheless, the existence of the striations at intermedi-
to be in a stratified state. The detailed diagram of dischargate pressures and small currents can be understood in the
states is represented in Ref$,2]. The mechanisms of origin  framework of nonlocal kinetics, when spatial gradients are
and propagation of waves depend essentially on the digetained in the kinetic equation. For the first time such prob-
charge conditions and can vary for different pressures anttm was discussed in Rd#], where the analytic solution of
currents. In the present paper the discharge at small currentise kinetic equation was obtained in a spatially inhomoge-
and intermediate pressures is studied, when the electronreous field. Consideration of the effects of nonlocality
electron collisions play an inessential role in the formation ofyielded, that the EDF differs from the local one in a range of
the electron distribution functioEDF), and the energy bal- energies close to the excitation threshold. On the basis of the
ance is determined by elastic collisions. The calculationsolution obtained, an example of ionization instability was
were performed for a neon discharge, in a range of currentstudied, which was caused by phase shifts between the dis-
i<25 mA and pressurep=10-40 Torr. At higher pres- turbances of ionization rate and electron density in a sinusoi-
sures striations are not observed. The mechanism of stratifttally modulated field. On the basis of this mechanism in
cation at lower pressures is due to resonance effects, wherefs.[5—7] the results of experiments were interpreted.
the energy balance is determined by inelastic collisions. In In Ref.[8] on the basis of the accurate numerical solution
this case the energy loss in elastic collisions is small and thef the kinetic equation the EDF was obtained in a sinusoi-
electrons gain the excitation energy in a lengtha little  dally modulated field, its difference from local one was dem-
exceedingU®/(eE,), (U* is the excitation threshold, is  onstrated, and the phase shifts between electric field, density,
the mean electric fie)dwith a subsequent inelastic collision. mean energy, and excitation rate were analyzed.
This length determines the spatial scale of field inhomogene- The aim of the present paper is the construction of the
ity, i.e., the striation length. This mechanism assumes thagelf-consistent one-dimensional model of ionization waves
the energy relaxation length due to elastic collisions on the basis of a coupled solution of the nonlocal kinetic
~J(M/m)\ (X is the length of free flight of an electrom ~ equation for electrons, and the continuity equation for ions.
andM are the masses of electron and atom, correspondinglyrhe linear analysis of steady-state solutions of these equa-
greatly exceeds the striation lengh,>L. At low pressures tions was performed, with the respect to the small wave dis-
the nonlocal nature of electron kinetics is clearly expressedurbances. The dependence of growth rates and frequencies
and the EDF is formed by the whole potential profile of aon wavelength was found from the dispersion relations for
striation. various discharge conditions. The nonlinear theory of ioniza-
The opposite case is realized at intermediate pressureion waves was constructed, which permitted us to compare
when elastic collisions dominate in the energy balance, andhe theoretical predictions with experimet9).
thus, the inequality . <L is satisfied. The lower is the ratio
\./L, the closer is the EDF to the local one. One can notice
that, within the limits of local kinetics and fluid models,
appearance of the waves with a length A, at intermediate The source equation for the description of the electron
pressures and small currents is impossjBle The principal component in a plasma is the Boltzmann kinetic equation.

II. BASIC EQUATIONS
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The temporal derivatives and radial gradients in this equation The consequence of Eq®) and(3) is the conservation of
are negligible under the conditions discussed. Indeed, théhe electron current density,

energy relaxation length with the respect to elastic collisions

at intermediate pressures appears to be considerably smaller o1 \F *

than the tube radius. Thus, the radial electric field appears to 1e=3 NV m J; Ut,y(U,x)dU,

be smaller than the axial one when the distance to the wall is

more thank, [10] and, consequently, the terms describingwhich is close to the total discharge current density.
radial gradients in the kinetic equation appear to be small. The system(2) and (3) is more suitable for numerical
The typical time of establishment of the isotropic part of thesolution in terms of the variables=U + e@(x) andx [ ¢(X)
EDF has the valuér~[(m/M)Q®Nv] ! (Q® is the cross is the potential of electric fiel

section of elastic electron—atom collisioni$,is the neutral

atom densityp is the thermal electron velocitywhich is g U fo(e,X) d
considerably smaller than the period of a striation. Thereforey INQE (U)X
temporal derivatives in the kinetic equation are inessential
and the EDF depends on the electric field in a current tem- = UNQ™(U)f,(e,x)— (U +UNQ"(U +U®)
poral point.

)

2m 2 el
7o | UNQ (W) fo(e,%)

Taking these assumptions into account, the kinetic equa- X fo(e+Ux), 8
tion for a weakly anisotropic EDF, depending on the kinetic
energyU and the axial coordinate 1 afo(e,X)
f(Up)=———— ©
) 32 v, NQ*(U) X
f(o,X)=—| = fo(U,x)+—11(U,x) |, 1 L . . .
(0.%) 277( 2) ( olU%) v 2(U.x) @ where the kinetic energy is considered as a function ef
andx.
reduces to the system of two equations for the isotropic and The jon distribution is described by the continuity equa-
anisotropic parts of the EDF: tion taking account of ionization. The bulk recombination at
small currents is negligibly small relative to the diffusion to
_ i Ef (U,x) +eE(x)i(Ef (U x)) the wall. The equation of axial ion distribution, under the
ax\ 3 1 au\3 ' approximation of ambipolar radial diffusion, has the form
d [2m
52 | an(x,t J . n(x,t
faulmY NQe(U)fo(U’X)) 2 b ER D) =1 x0)- e (10)
T
=UNQ™(U)fo(U,x)— (U+UHNQ™(U +U®) , ,
whereb' is the ion mobility,7' is the time of ion ambipolar
X fo(U+UTx), (2)  diffusion to the wall,
dfo(U,X) dfo(U,X) 2 2.4\2
————+eEX)———— ~=b' -
X X)—0 S0 zb'UD| R ) , (11)
=NQ*(U)f1(U,x), (3

I(x,t) is the ionization rate. It is assumed (@0) that the
direction of x axis coincides with the direction of electron
movement and, thus, is opposite to the direction of an elec-
tric field.

Equations(8) and (10) form a self-consistent system,
whose solution gives the profiles of electric fiétdx,t) and
EDF fy(e,Xx,t).

whereQ™" is the cross section of inelastic electron—atom col-
lisions, Q*=Q®+Q"~Q® is the total cross section of
electron—atom collisions.

The EDF is normalized by the condition

n(x>=J U2 o(U,x)dU, (4
0 I1l. SOLUTION OF THE KINETIC EQUATION

wheren(x) is the electron density. The expression for the  For the first time the analytical solution of kinetic equa-
electron mean energy has the form tions (2) and (3) in a range of electron energies below the
excitation threshold was obtained in Rpf] in axially inho-
mogeneous positive fields. This solution is obtained by ex-
pansion with the respect to the small paramateflL (L is

the characteristic length of inhomogeneities, a wavelength in
and for the excitation rate a spatially periodic field The EDF was considered for both

the thermal electronsl ~U and the electrons with their en-

2 (= . ; T exs 1)
N in ergies close to the excitation threshdJd-U®>U.
W(x) \/;JuexUNQ (Wfo(U)dU. ® In a range of low energies the EDF differs weakly from

_ 1 o
U(x)= Wfo U3t ,(U,x)dU, (5)
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the local onef3(U), and has the form (@)

B
A, L dE(x) s
fo(U) = F3(U,E0) + - oV B0 g =~ o
(12) 5_....|....|....|....|....|

Dependencg12) is convenient, because the EDF and,
therefore, its integrals, appear to be the functions of a local
field in the pointx and its gradient in this point. This allows
one to introduce the left part of EqL0) as the differential
operator ofE(x,t), that simplifies greatly the calculation of a
self-consistent electric field.

In the energy range close to the excitation threshold the
EDF significantly differs from the local one. In this case the
solution has the fornp4]

Win, (10*s™)

fo(U,x)=C(eg(x)+2U)

- E(ep(x))
Xn(ee(x)+2U) m x (cm)

uBm N2Q?(U’)U'dU’
Xexp — T T =
o M [eE(ep(x)+2U—-2U")7]?

FIG. 1. The comparison of the electron dengity and excita-
tion rate(c) obtained from the local EDFdotted curvg from the
analytical solution(12) and (13) (dashed ling and from the nu-
merically calculated EDFsolid curve, in the electric fielda) at the
pressurgp=25 Torr.

(13

to use analytical solution§l2) and (13) for a qualitative
analysis. It is preferable to use a numerical solution for com-
parison with experiment.

In this expressiom and E are the functions of a potential
and are determined by relations(ep(x))=n(x) and

E(ee(X))=E(X).

As it is seen from(13), the EDF is determined by the
values of electric fieldE in the interval fromegp(x) to
e¢(X) +2U. The drawback of the solutiof13) is the impos- The main processes of ionization at intermediate pres-
sibility of the normalization on a constant current density,Sures are the stepwise ionization and the associative ioniza-
that makes the calculation of the absolute values of the extion from highly excited states located close to the ionization
citation rates difficult. A possible choice of the normalization Potential. The frequency of these processes can be expressed

functionC(ee(x) +2U) - (e (x) + 2U) can be the equality in terms of the EDF and the densities of metastable or reso-
of a solution(13) to the local EDF in the limit)—0. Thus nance atoms, which are involved in the ionization processes,

construction of an analytical theory is possible when using 5
1(x)= \/ng N,

IV. MECHANISMS OF IONIZATION

the EDFs(12) and(13). A similar problem was considered in
Ref. [7] under some restrictions.

In the present paper the theory is based on the numerical .
solution of the kinetic equatio(8) by the method, described +j _UQINU)fo(U,x)dU
in detail in Ref.[11]. The approximatior{12) was used for Uy
calculation of the electron density. A . ]

It can be interesting to compare accurate and approximat@hereQ(U) andU™ are the cross section and the poten-
calculations of such macroscopic parameters as the electrdi@l of the stepwise ionization from the steteQ;'(U) and
density and excitation rate. The results of calculations inJy are the cross section of production of a molecular ion and
neon, using the cross sectio@$'(U) andQ"(U) from Ref.  the corresponding potential. The role of direct ionization un-
[12], are shown in Fig. 1. It is seen from the figure, that theder the conditions discussed is negligibly small.
electron density has a small phase shift with respect to the The source states for stepwise ionization in inert gases are
local one. This phase shift is well described by the approxithe closely located resonance and metastable Idirelsar-
mate analytical solutiorf12). The essential difference be- ticular, 2p°3s in neon. The balance equations for the den-
tween accurate and local solutions can be seen for the excsities of these states were discussed in detail in R&].for
tation rate, in both the absolute value and the phase shift. THew pressuregunits of Torp in neon. At intermediate pres-
approximate solution differs from the accurate one by a facsures, the processes of intermixing of the stété@,l,z due to
tor of 1.5 and gives a larger phase shift. Thus, it is possibleollisions with atoms and electrons take place efficiently.

| vaEwtguxdu
Uy

=> N, (19
k
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This causes the ratio of these state densities to be constamhereW is the total excitation rate, calculated from the EDF

along a striation, which allows us to unify these states intausing Eq.(6), and the other coefficients have the form

one effective state, the sc;ljrce for the ionization processes.

The weakly populated levelP, takes little part in the pro- 1 ay _ _

cess of ionization, but the transition to this level from the DZEk: aDi, ;zzk: e Vlonzzk: " (17)

states3P0,1,2 with subsequent escape of resonance radiation,

can be the effective channel of the destruction of these states. Equation(16) allows one to obtain the rate of stepwise
A diffusion equation taking account of the processes ofy,q associative ionization(x,t) = N* (x,t) »°(x,t), which

excitation and destruction describes #te metastable state 5 ;sed in Eq(10).

density rather well,

V. LINEAR THEORY OF THE IONIZATION WAVES
N Ny

— =W, +DP——N
ot k k (9X2 k

The system(8), (10), (16) has a steady-state solution,
which corresponds to the nonstratified positive column of a
discharge. Indeed, the kinetic equation in the fd@y (3)
+ (N Zye— N Zip), (15  reduces in this case to the equation for a local EDF, which

I#k depends oJ andEy/N. The local EDF as well as its inte-
grals, are normalized at the electron density. The electron
density is determined by the given discharge current,

—m"r‘V
Tk

whereW, is the excitation rate dkth state, D} is the diffu-

sion coefficient, 1#7~Dy'(2.4R)? is the lifetime due to ,

processes of diffusion to the wally" is the frequency of No= l _ n

stepwise ionization from thkth state,Z,, is the total transi- 0 b®Eq szeEO'

tion constant from the statle to the statd of a system of

resonance and metastable states due to collisional and radighereb® is the electron mobility, calculated from the EDF,

tive processes. is the discharge current; is a coefficient determined by a
The densities of resonance states are described by thadial distribution of electron density, which has an order of

Holstein—Biberman integral equatiga4,15, which gener-  unit. Under the approximation used, the radial distribution of

ally does not reduce to the diffusion equation because of theharged particles is described by a Bessel function, and

divergence of the length of photon free flight. Nevertheless~1.45. The systeni10), (16) appears to be

in a one-dimensional model of a cylindrical discharge one

can introduce the coefficient of axial diffusid ~R?- A,

(18

n
where A®T is the effective probability of a resonance radia- g,wg’”:—io, (19
tion escapgA®~ (A/\/mkoR) for the Lorentzian profile of a To

spectral linek, is the absorption coefficient in the center of
line profile, A is the probability of spontaneous emissjon
This approximation reduces the integral balance equation of
a resonance state to the equation similaf16), changing

D" to Dy and 14 to A{". Thus, the system of equations This system is nonlinear for the electron density and allows
(15 with differentk describes the densities of all the meta- us to determine the reduced values of internal discharge pa-
stable and resonance states uniformly. rametersE,/p and ngR in dependence on external param-
The system(15) is valid when radial distributions of eterspR andi/R. Thus, this system, together with the cor-
metastable and resonance atoms are close to fundamentakponding kinetic equation, describes homogeneous
modes of corresponding operators. When these radial distrifischarge completely.
butions differ from fundamental modes significantly, consid-  The homogeneous state of a discharge appears to be un-
eration of the higher modes is necessary. Under the conditable under the conditions discussed. The linearization of
tions discussed, a diffuse discharge is observednhe system(8), (10), (16) with the respect for small complex
experimentally and, therefore, one can assuttf® to be  disturbances, proportional to eXpx—wt), is used to study
valid. the properties of ionization waves. The wave vedtds as-
The assumption of the constant ratio of densiligsalong  sumed to be real, that is, the temporal development of spa-
a striation allows us to introduce a densitykth state in the tially periodic disturbances is studied.
form of Ny(x,t) = aN* (x,t), whereN* is the total density The numerical solution of Eq(8) gives the EDF in a
of all the metastable and resonance statesamg=1. Sub-  disturbed fieldE(x) =Eq+ E; coskx) (whereE; is rea). The
stituting these expressions into the sysid®) and summing  small complex additions to the integrals of the EDF are ob-

(20

1
WOZNS(;+Vg)n .

overk yields the equation for the total density, tained as magnitudes of their first Fourier mode. The quasis-
tationarity of the kinetic equation permits us to replaseby
—W+D —N*| =+ plon| (16) Linearization of Eqs(10) and (16) yields the following
ot ax? T system:
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Ny nq Fixed values L, v Exter?a; p;raEmeters
,p, R, Eg

_iwnl_ikbi(n0E1+n1Eo):N3Vifn‘i‘NIVg)n__.__., l
L T ; SES

@y [reteeesren N T | |
) H ) Lv i
1 : ! : Next iteration
SR s e p— e}
—i wN’I + k2D NE’I_( :Wl_ NS VIJ(_)n_ Ivgm_ _— l , ; § WO, v o)t 1 [ealoulation of] [calculation of] [calculation of :
! ! Vw ; i oo, AlL+aly), || Al veav, H
1 7o ' Excited atom |} oA 1
(22) i 5| |balance equation |} 1] aXw) AX(L+aLy) || aX(Lv+av) H
' B 1(x) H / i
) ) E E lon balance ! E - no 1 l !
where the lower index 0 corresponds to the stationary values % equation |} b agre Scheme of adjusting of |
and 1 corresponds to the small additions. This system deter; o i__Yyes| __ thefrequencyandwave length |
mines the frequency’ and growth rates” as a function of s conoms~gcevre ; Comeite
the wave vectork or, correspondingly, wavelengti. '!959‘3'-*-"-‘"«?&*2'; ﬁ:s;\ result
=2x/k. The system21), (22) reduces to a quadratic equa- vy F:’(U’x)‘ E(X)LI.:V(,U Y
tion for w. The positive value of frequency’ corresponds Al(LY).AX(L ) ——

to propagation of the wave along theaxis, i.e., from cath- . .
ode to anode. This solution has a great negative growth rate FIG. 2. The scheme of the self-consistent solution of E85.
and, consequently, damps in time, for any values of externdfL9: (16).
parameters. The positive growth rate corresponds to th
negative value of frequency, i.e., the wave propagates fro
anode to cathode.

Linear analysis permits us to obtain the dependencee’o

) gives the EDF and, therefore, electron density, excitation,
and ionization rates, in a fixed electric field. The field is
¢ determined by the ion balance equatid®). The most ob-

and »” on k or, correspondingly, orL. Consideration of vious method of solution of such a system appears to be the

these dependences for various pressures and currents gi\’%@thqd Qf successive approximatidM;SA). In an arbitrary .
the instability domain, as well as the range of Wavelength§ ectric field the EDF is calcula_lted, its mtegrals_ are substi-
and frequencies able to propagate in plasma. Generally, uﬁUFedd'?to thflo)’ anc_j a new iteration of the field is ob-
der the conditions discussed the waves appear to be strondfned from this equation.

nonlinear, and as the instability develops, the parameters of a The convergence of the MSA is caused by using expres-
E:ons for the electron density and mean energy, which are

wave can change significantly. Consequently, the linea i L ) ) )
analysis, in spite of the accurate numerical realization, ca nctions of the electric field and its gradient, taking account

give only a qualitative picture of excitation and propagation®f Ed- (12). These expressions have the form

of the ionization waves. The wavelength related to the maxi- dE

mum of growth rate, also may not correspond to the ob- N(X) =nNo(E(X))+ny(E(X)) =,

served wavelength. Nevertheless, the dependence of the dx

maximum of growth rate on external parameters can be the (23
same as for the length of an established wave. — — — dE

U (%) =Uo(E(x)) +U1(E(X)) gy -

VI. NONLINEAR THEORY OF THE IONIZATION WAVES

The ionization term in Eq(10) is determined by Eq16). A
profile of excitation rate in this equation depends weakly on
an electric field profile and has the form of a narrow Gauss-

; 93n peak. Thus, varying the field profile weakly affects the
able to propagate. In the present section the method of SOILﬂ)’rofirl)e of ionization )r/atseg. Taking E2{23) into acé,ount, Eq.

tion of this system is described, which permits us to deter'(10) is the nonlinear differential equation for the electric

mine the amplitude and profile of a wave, as well as theﬁeld. The ionization rate plays the role of free term.
value of wayelength and_ frequency. The_ wave moving In Thus, the MSA with the fixed wavelength and frequency
spgce a~nd time is described b_y a periodic functlgn Of ON&s the following. An arbitrary fieldfor example, sinusoidally
variablex=x—wvt, wherev=Lv is the phase velocity of & modulated onewith the periodL is substituted into the ki-
striation. Consequently, temporal derivatives in EQE)),  netic equatior(8). The EDF is calculated numerically, which
(16) are to be replaced by v (d/dx). gives the dependence of the excitation rate and the stepwise
The scheme of solution of the systei®), (10), (16) is ionization frequency orx. These functions are used in the
shown in Fig. 2. As the source data for the problem one habalance equation for excited ator{fs6), whose solution is
to take the values of the discharge currgrmressurg, and  the density of excited atomhl* (x). This equation is re-
the tube radius. The method consists of two stages. In theplaced by a system of finite difference linear equations, tak-
first stage, the self-consistent profiles of electric field andng the boundary conditiongeriodicity and continuous dif-
EDF are calculating under an externally fixed length anderentiality) into account. Further, we obtain the ionization
frequency of a wave. In the next stage, the wavelength angrofile used in the ion balance equatidm). As the solution
frequency are obtained. of this equation should be periodic, the integral ion balance
Let us fix the length and frequency of a wave. Equationmust be satisfied,

Analysis of the stationary solution of the systé8y, (10),
(16) for stability, described in the preceding section, allows
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Thus, it is necessary to calculate two parameter=nd v, to
obtain a complete solution.

The method of adjusting of the wavelength and frequency
is the following. When obtaining the profile of electric field
in fixed L and v, the discrepancy of the integral ion balance

E, (V/em)

AI(L,V)=InfOLI(X)dx—lnfoL%dx (25

together with the phase shift of the successive iterations
] AX(L,v) is calculated. To get a complete solution, it is nec-
(b) 1 essary to satisfy the conditions! (L,»)=0 andAX(L,v)

=0, that is, to solve a system of two equations for two vari-

E er ] ables. A peculiarity of this system is a great computing time
2 15F ] to calculate the values of functiodsl andAX (it is neces-
woqq} 4 sary to pass all the first stage of a solution to calculate the

] valug and the rather large inaccuracy of this value. Consid-
ering this, as well as the closeness of this system to a linear

0 10 20 30 one, the modified Newton method was chosen to solve it.
i (mA)
FIG. 3. The dependences of the mean electric figjcn pres- VII. APPLICATION OF THE THEORY TO THE NEON
sure(a) at the current=10 mA and on currentb) at the pressure DISCHARGE

p=25 Torr, calculated for the homogeneous colurtdashed

curve and experimentally measurésolid curve. The tube radius In the present section the application of the above stated

Ris 1.4 cm. theory to the neon discharge is discussed and the comparison
between the calculation and the experimental data is per-
formed.

L L n(x)
f I(x)dx=f —dx. (29
0 0 7'(x) A. Constants of elementary processes

Equation(16) contains the relative densitieg,. An ap-

In this stage, Eq(24) is supposed to be satisfied, i.e., the proximate calculation of these coefficients can be performed
preliminary normalization ofl (x) is carried out. Equation by solving the systen{15) in an homogeneous discharge
(10) was solved by a Runge—Kutta method, and the condiwith the help of a local EDF and the corresponding constants
tion of periodicity was satisfied by varying the initial condi- of intermixing. One can also use the relative densities, ex-
tions. This solution is the next field iteration. The peculiarity perimentally measured in Rdf16].
of this method is the indefinity of the mean field in the dis- The principal role in the processes of diffusion and de-
chargeE,. This field affects the integral ion balant4). It  struction under the conditions discussed is played by the
is necessary to keep this field constant for all the iterationsresonance state®B,. The effective lifetime of resonance

The process of calculation of the self-consistent electricstate is determined by an absorption coefficient in the center
field converges rapidly. After five iterations, the successiveof a spectral line. These lifetimes are estimated A&8
approximations are very close, but a constant phase shift10™* s for 3*P; andA®"~ 1076 s for 3'P, [13]. They do
occurs between successive iterations. This phase shift isot depend on pressure for a Lorentzian profile. Thus, one
caused by disadjusting of the wavelength and frequency aftaran also estimate the diffusion coefficients of resonance at-
a transition to the variable—uvt, and has to be determined. oms. The validity of the estimation should be checked by

In the present method, three undefined parameters of @omparison with experiment. In the present paper the
solution appear: wavelength frequencyr, and mean elec- mean lifetime of excited atoms was chosen to be equal
tric field E,. One of the equations determining these param<1=2x10* s™!, and the corresponding diffusion coeffi-
eters is Eq(24). The other condition is the adjusting of the cientD = (1/7)(R/2.4)?. These values are in accordance with
phase shift of successive approximations. Consequently, ori®th the above stated lifetimes of resonance atoms and the
parameter remains indefinite. It follows from this, a continu-experimental data for ionization waves. For comparison with
ous spectrum of waves can propagate in the studied systertie experimental datb,9], the tube radiufk was chosen to
The indefinity can be removed by taking the dischargebe equal 1.4 cm.
boundaries into consideration, or by externally fixing one of The cross sections of stepwise and associative ionization
the parameters, for example, from the experimental data. Insed in the present paper, were taken from Raf7].
particular, in the present paper the calculations were carrieihe value of the reduced ion mobility in neon is assumed
out with a fixed mean electric field, experimentally measuredo be independent of field and given by'-p
in Ref. [9]. The field is shown in Fig. @ (solid curve. =3.2x10° cn?V 's ! Torr[18].
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400
300 A
N
5 4
= 200
>
100
0
1.0 n 1 1 PR 1 1
10 15 2 25 Ko} 35
~ p (Tom)
=
> FIG. 5. The dependence of wavelengths in the maximum of the
growth rate on pressur@olid curve. A bound of stability(dashed
curve. i=10 mA.
presence of a lower bound by current was shown, which is

i also described by the present theory.
L (cm) The dependence of the growth rate for different pressures
is more complex. In Fig. 5 the wavelengths corresponding to
FIG. 4. The dependences of the growth rate(a) and fre- the maxima of the growth rate are represented as functions of
quency|v’| (b) on the wavelength gi=25 Torr.i=20 mA(solid  the pressurdsolid curve$, at the currenti =10 mA. The

curve; i=15 mA (dashed curve i=10 mA (dotted curve i dashed curve denotes the limit of the region, where the
=7.5 mA (dashed—dotted curye growth rate is positive. One can see an upper bound for the
existence of striations by pressure, which was also observed

B. Results of the linear theory in experimen{1,2]. This is because nonlocality occurs only

: . ... when wavelengths are small. At small lengths the effect of
The solution of the systerfi9), (20) for a stationary dis 0ﬁhe axial transport of the resonance radiation, which is de-

charge with the help of a local EDF yields the dependence . . PR
the egllectric fieldg, gn external para|¥1eters. The (Ijaependencescr'bed in the present paper by the axial diffusion, damps the

of the electric field on pressure is shown in Figa)3dashed gﬁg%ﬂﬁi igigf;enr:feom;ﬁgﬂggsfg ic;f ﬁ,ﬁcétegnﬁfrwson
curve in comparison with the experimental data], ob- P P

tained in a stratified dischardeolid curve. It can be seen gisgur?n ?r?dt df;mbps th?} ir\1N|§\i/eSS with their lengths
that the calculated values of the electric field are larger than™ ¢tm, that can be see 9.0
The length corresponding to the maximum of the growth

the experimental values. This demonstrates an essential role

of nonlinear waves in the formation of a discharge. The de_rate in Fig. 5 decreases as the pressure grows. This is in

pendence of the calculated field on discharge current iguahtatwe agreement \.N'th the resullts_ of experimeay,
shown in Fig. 8b). where a similar behavior of the striation length was ob-

Two solutions of the systert1), (22) correspond to the served. The comparison of this length with that calculated by

positive and negative values of frequency. A positive vaIue';?gn“gear theory and measured in experiment is performed in

' COIesponds to a large negative growth ratefor all the Thus, analysis of a stationary solution for stability shows

external parameters. A limited range of wave lengths with . ! . i
positive growth rate, is found to be for negative valuesf %he presence of a limited domain of instability. The form of

Consequently, the wave propagates from anode to cathode EH'S dpmam anlq Its dependence on Karlous'dlscharge param-
agreement with the experimental data. eters Is Iin qualitative agreement with experiment.

In Fig. 4 the dependences of the growth raié )
=w"/(27) (a) and frequencyr’ (b) on the wavelength are C. Results of the nonlinear theory
represented for different currents apd=25 Torr. In this One of the parameters in the nonlinear solution remains
figure one can see the complex behavior of the growth raténdefinite. The experimental values of the mean field depen-
which has two maxima. The range of positive growth rate isdence on pressure, which are shown in Fi@) 8solid curve
limited both by short and long wavelengths. Presence of that the currenti=10 mA, were used in the calculations.
lower bound is due to the axial diffusion. When the lengthThus, the calculation of the wave parameters was carried out
increases, the phase shift between the ionization and densityr different pressures.
increases too and localization of the EDF occurs, that is the The self-consistent values of wavelength are represented
reason for the presence of an upper bound. The growth of thie Fig. 6(a) (solid curve. The circles denote the experimental
frequency with the current is seen in Figh# which is in  values of the length of a wave stabilized by a frequency 1200
agreement with the experimental d¢€d. In Refs.[1,2] the  Hz [9]. The natural striations are mostly irregular under the
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FIG. 6. The parameters of an ionization wave in dependence on FIG. 7. The profiles of the electric field at different pressures
pressure at=10 mA. (a) The wavelength: nonlinear theofgolid  andi=10 mA: (a) absolute valuestb) normalized.p=25 Torr
curve); the length corresponding to the maximum of increment in(solid curve; 30 Torr (dashed curve 35 Torr (dotted curvi 40
the linear theorydashed curvg experimental data under the stabi- Torr (dashed—dotted curye
lization frequencyr=1200 Hz (pointy. (b) the calculated fre-

quency of the nonlinear wave. consequently, the drift velocity, decrease and, thus, the sin-

gularity should occur at higher pressures. The experimental

conditions discussed. The decrease of the wavelength as thata[6] show that, at larger currents, the upper boundary of
pressure increases is seen in the figure, in both theory arthe regularity of striations shifts to the higher pressures.
experiment. Taking into account the inaccuracy of the con- The profiles of electric field at different pressures are rep-
stants for the resonance radiation trapping and the modéﬁsentEd in Flg 7. The electric field in a nonlinear ionization
approximations, one can consider the agreement to be satiave differs strongly from a sinusoidally modulated one.
factory. The dashed curve denotes the length correspondirfgraphs of the normalized profiléb) show a slight decrease
to the maximum of the growth rate in the linear theory. Thein the field modulation as the pressure grows. The upper
difference between this curve and experimenta] points ipressure bound for the existence of striations was 35 Torr in
more significant. It is interesting to note that, both the calcu-
lated and experimental wavelengths generally are outside the
instability domain, which is shown in Fig. 5. There is no
contradiction, because the wave is strongly nonlinear and the —~
established regime can strongly differ from an initial distur-
bance by its parameters. °

The frequency calculated in the nonlinear theory is repre- «*
sented in Fig. @). As the pressure grows, the frequency is
approximately constant, and further it decreases. This cir-
cumstance causes the presence of a singularity in the ion
continuity equatior(10), when the ion drift velocity reaches
the phase velocity of a striation. Indeed, the estimation of
two terms in the left part of Eq10) gives that, the first term,
corresponding to the phase velocity of a striation, is greater
than the second one, which corresponds to the ion drift ve- gg
locity. As the pressure grows, both the frequency and wave-
length decrease, whereas the second term weakly depends ol
pressure. This singularity can be the reason for the irregular-
ity of striations as the pressure increases. Indeed, the growth
of irregularities with pressure was observed in experiment FIG. 8. The graph of the EDF calculated in the self-consistent
[6]. Further, as the current increases, the electric field andlectric field =25 Torri=10 mA).
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FIG. 10. The parameters of the nonlinear ionization wave cal-
culated ap=25 Torr,i=10 mA in dependence ax (a) Electric
field; (b) excitation rateW; (c) excited atom densiti{*; (d) ioniza-
tion ratel; (e) electron densityn.
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FIG. 9. (a) Self-consistent electric field ap=25 Torr, i
=10 mA; (b) contour graph of the EDRg) contour graph of the
local EDF in this field.

2-5""I""I""I""
the linear analysi¢Fig. 5). A nonlinear solution exists also at 20
higher pressures, that can be caused by an essential decrease =° 151
of the mean electric field as the wave disturbance develops 1.0

0.5

(the magnitude of the ionization rate strongly depends on
electric field and is very sensitive to its modulatiohe
experimental value of this limit ipR~60 Torrcm[1].

A complete solution of the problem allows one to obtain
the EDF in the self-consistent field and to construct a picture
of the excitation and ionization processes occurring in a
striation. In Fig. 8 the three-dimensional graph of the EDF is
shown. In Figs. &) and 9c) the contour graphs of the non-
local and local EDF are represented, which are correlated
with the electric field(a). The nonlocality of the EDF is
distinctly seen when comparing Figs(b® and 9c) and is
caused by the diffusion of electrons in the coordinate space.

In Fig. 10 the electric fieldE(x) (a), calculated profiles of
the excitation rate of the metastable and resonance atoms
W(x) (b), their densityN* (x) (c), ionization ratel (x) (d),
and electron densitg(x) (e), are shown. It is seen from this oL L
figure that, the sources of excited atoms are localized in a 0.5
narrow domain, approximately Q.1lin width, and the reso-
nance radiation transport causes the essential broadening of ;i 11, The comparison of the theoretidablid curve and
the profile of the excited atom density. The profile of theexperimentaldashed curveprofiles of various plasma parameters
stepwise ionization rate is also broad. The maximum of then the ionization wavep=25 Torr,i=10 mA, the wavelength
ionization rate is shifted in the cathode direction with respect=4.3 cm.(a) Intensity of the radiatiotidashed curveand the step-

15

1.0
x/L

2.0

to the density maximum for a value of approximatéli4,
that stimulates the propagation of ionization waves.

wise excitation ratgsolid curve; (b) electron mean energyr)
electron density(d) electric field.
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It is interesting to compare the calculated and experimenef growth rate and frequency of waves on the wavelength
tally measured profiles of various plasma parameters. Thisras found for various discharge conditions. The region
comparison is performed in Fig. 11, where the solid curvesvhere the growth rate is positive has been determined. The
correspond to the theory, and the dashed curves correspotidear theory within the limits of its validity shows an upper
to the experimeni5] (p=25 Torr). The experimental curve bound for the existence of striations by pressure and a lower
in the graph(a) corresponds to the radiation intensity distri- bound by current, which is in agreement with the experimen-
bution. In the graplid) the calculated electric field is shown. tal data. The dispersion relations calculated showed, that the
Good agreement between the calculated and measured prgroup velocity of waves points against their phase velocity,
files of the atom radiation intensity, electron mean energyhat is a well-known feature of ionization waves.
and density can be seen in this figure. An essential effect of A scheme of the solution of a nonlinear system of equa-
nonlocality is the larger modulation of the electric field with tions describing the ionization wave has been suggested. To
the respect to the mean energy, that can be interpreted as thbtain a unique solution, it is necessary to introduce an ad-

presence of electron thermoconductivity. ditional external parameter. The mean electric field was ex-
ternally fixed as such a parameter.
VIIl. CONCLUSION A kinetic theory allows us to obtain the picture of the

processes of excitation and ionization in different phases of

Description of the stratified discharge at intermediatethe nonlinear wave. Comparison between theory and experi-
pressurep=10-40 Torr and small currents<25 mA re-  ment showed good agreement.

quires a kinetic approach. In the present paper a one-
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