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The constriction of the positive column of a dc glow discharge in argon at high pressures is analyzed using
the continuity equations for the charged particles and the gas thermal balance equation coupled with the local
electron Boltzmann equation and a detailed collisional-radiative model for the atomic and ionic species.
Contrary to the other existing models of the constriction in inert gas, the present model is self-consistent and
fully detailed, and provides a quantitative description of all the discharge properties. The numerical techniques
used to solve the boundary value problem corresponding to our set of equations are discussed in detail. The
transition from the diffuse to the constricted state and the properties of this latter state are investigated. The
model predicts the existence of multimodal solutions for the discharge parameters as a function of the dis-
charge specific power, within a limited range of values of the latter above a critical value, which explains the
observed abrupt changes in the discharge parameters and the hysteresis associated with constriction. The radial
distributions of the gas temperature and of the densities of all neutral and charged species considered are
determined along with various other discharge characteristics, such as the steady-state discharge maintenance
electric field, as a function of the discharge operating parameters. The results for argon show satisfactory
agreement with data from experiments. A few model simulations are further presented that enable one to gain
physical insight on the relevant kinetic processes of constriction in argon. Such simulations are instrumental to
understanding also the mechanisms of constriction in the other inert §84€63-651X%99)11703-3

PACS numbdps): 52.80—s, 51.50+v, 52.20.Fs, 52.20.Hv

I. INTRODUCTION plasma parameters change discontinuously and show hyster-
esis, that is, the transition from the diffuse to the contracted
At intermediate gas pressures typically below 10 Torr thestate (with increasing currentand the reverse transition
positive column of a glow discharge is usually diffuse, filling (with decreasing currenbccur at different values of the dis-
the whole cross section of the discharge tube. The radiatharge parametefd4.0,14.
distribution of the electron and ion densities can be described Discharge constriction in inert gases has also been ob-
as a first approximation by the Shottky diffusion theory, served in microwave discharges, such as, for example, sur-
eventually with corrections accounting for stepwise ioniza-face wave discharges at high pressures,17]. It can be
tion effects. Accurate calculations show that this distributionexpected that the basic mechanisms causing constriction are
is usually close to thel,-Bessel function. At higher pres- essentially the same in the ordinary dc positive column and
sures, however, the discharge is likely to contract around théhe microwave discharge, but a common theory for both
tube axis, forming a bright narrow filament. This well- cases is still lacking at present. Although this paper is mainly
defined constricted discharge mode, which exists at pressuresncerned with dc discharges, it will be shown that the
from a few Torr to about 1 atm, can neither be classified as @resent formulation can be extended to microwave dis-
thermal arc nor as a classical “cold” discharge; thus it fallscharges also.
into an intermediate category. The constriction phenomenon occurs not only in inert
There have been many theoretifal-13 and experimen- gases. It takes place in molecular and in electronegative
tal [1-3,13-15 investigations of constricted discharges in gases tod18—21], but the numerical models required for
inert gases that have shown that the constriction arises abogeich gases are somewhat different from those for inert gases
a certain critical pressure. However, the onset of this condue to the presence of molecules and/or negative ions.
striction depends also on the tube radRiand the discharge Therefore, we will not be concerned with molecular or elec-
currentl. In particular, the experiments have revealed thatronegative gases here.
the critical valugoR for Ar is approximately 20 Torr cril 3]. Several theories based on somewhat crude analytical ap-
Below the critical pressure the discharge exists in a diffusgroaches have formerly been developed to explain the causes
state, filling the whole tube cross section. Above the criticalof constriction in inert gases. These theories fall essentially
pressure it may exist either in a diffuse or a contracted staténto two different categories. One category includes those
depending on whether the current is below or above a criticatheories in which an explanation of constriction is sought as
value, respectively. Therefore, the constriction occurs if botha direct consequence of nonuniform gas heating across the
the discharge current and the pressure exceed their criticdischargd1—-3,13. In most theories of this type the contrac-
values. The transition from the diffuse to the constrictedtion is attributed to the effects of the gas temperature radial
mode occurs abruptly and is accompanied by a sudden irgradient on the local ionization-recombination balance of the
crease of the electron density at the discharge axis by mormharged particles. To describe such effects some authors
than an order of magnitude. At the transition, all the internal3,13] adopted formulations based upon the classical theory
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of thermal arcs. Others have rather focused on the radidrom the solution to the electron Boltzmann equation. The
variation of the recombination rate. Assuming that the tem-development of a model of this kind to investigate the con-
perature in the central region is high enough for the molecustriction phenomenon is the main purpose of this work. We
lar ions to be efficiently dissociated, it was suggested that ahave chosen argon as a working example but some results of
increased dissociative recombination rate towards the cooldhis work can be extended to the other rare gases with proper
outer regions could result in a rapid loss of charged particle@daptations.

and thus account quite generally for constrictjah One of The organization of this paper is the following. In Sec. I

the drawbacks of the theories just described is their negle¥® Present the basic differential equations to be solved in

of diffusion in the charged particle balance, since large gra®fder to understand the constriction problem, namely, the

dients in the electron density are associated with contractiorf/Clron continuity equation and the gas thermal balance

In particular, the charged particle balance cannot be tran Tquatlon, and we discuss the appropriate boundary condi-

formed to a local balance in those cases in which the ionizadonS for these equations. In Sec. Ill the kinetic model and

tion rate drops fast enough radially to become smaller thaﬁh? set of plasmochemical reactions taken into account are

the recombination rate. For this reason, another category &nefly presented. The numerical approach used to solve the

theories, generally termed diffusion-recombination theoriesWhOIe set of equations of our model is discussed in Sec. IV.

have been proposed in the literatlise6—13. According to An analysis of the d_ischarge_properties under both_t_he dif-
such theories, constriction is caused by rapid radial variaE\L,’VS’e art}(]j the cqnstrlc.ted_reglmeé an<\j/ Olf the tt_rarlnsmonlbe-
tions in the net volumetric source term, the difference of th tgen ?S(tehregwlnef IS given in de'ct' 'b' t'." pa; |cut§1r, catr?u—
rates of ionization, and electron-ion recombination. On axis,a lons o e electron energy distribution function, the

the net volumetric source is positive. In the outer regions,denSltles of all charged species, and the populations of the

this source is negative. Continuity is maintained in the outeF.’XCIteOI states as a functlpn of the radius, as vyell as cal_cula-
region through a diffusion-recombination balance. The reglions of other important discharge characteristics for various

son why the net volumetric source changes sign is the rapi ressures and discharge currents, are presented and analyzed.

radial decrease of the ionization rate due to the strongly non- is shown that the model predictions agree satisfactorily

linear dependence of this rate on the degree of ionizatioMV.Ith experiments. A (;ie'ga|led anaIyS|s' of the various mecha—
nisms causing constriction and of their effects is also carried

[4,10-13 through stepwise ionization processes and the in- i . S .

fluence of electron-electron collisions on the shape of th u_t. _Fmally, SQC‘ VI summarizes the principal conclusions of
electron energy distribution function. In particular, Gol- his investigation.
ubovskii and co-worker§10—17 have found that the most
important reason for the discontinuous contraction in inert Il. STATEMENT OF THE PROBLEM
gases(except helium is the nonlinear dependence of the . : . -
ionization rate on the electron density through the above The discharge column is considered to be cylindrically

electron-electron collision effects. According to these quSymmetric and longitudinally uniform. Our main purpose

thors, when such collisions are neglected in the thé€asyin here is to determine th_e glec_tron density distribqﬁiq(yr)_,
[4]) contraction still occurs but without a discontinuous char—the gas temperafure distributidny(r), and the maintaining

acter. Further, nonuniform heating of the gas has not bee .|ECtI’IC fleIdE, which is assu_med to be uniform, as a func-
found in [10—17 to be a determining factor, but to cause ion of the discharge operating parameters, namely, the gas

only additional contraction and a shift of the critical pressurep.res.sure.p’ the discharge currentand the _tube radiuR. The
and current towards lower values. distributionsng(r) andTy(r) can be obtained from a closed

The major weakness of all the theories mentioned abovgyStem of macroscopic equations consisting of the pontinuity

lies in their semiquantitative nature and limited accuracy,equa“on for the elegtrons, the heat transport equation for the

since the discharge kinetics is not treated in a consistent w s, and the_ equation of state for the gas presﬁrr&Z]_.

in any of them. Due to the complex discharge kinetics oc- hes_e equ_atlo_ns must_ of course t_)e_ complemented with ap-

curring at pressures of tens or hundreds of Torr, it is cleaPropriate kinetic equations de_termmmg the local net sources
electrons and of gas heating within the plasma volume.

that the discharge properties cannot be correctly describ he abov tem of macr i tions and the bound
using, for example, analytical expressions for the ionization € above system of macroscopic equations a € bouna-
ry conditions they must satisfy is considered below, for a

and recombination rates, or for the number densities of .
atomic ions, molecular ions, and populations of the excitecnuStea(]ly'State d|scharge._ . .
states. For this reason, it is difficult to ascertain which theo- The electron continuity equation can be written as
ries are right or wrong, and why. There is therefore a need to
develop a more accurate theory capable of providing a -
deeper insight into the relevant kinetic processes of dis- rdr
charge constriction. A proper description can only be

achieved by coupling the particle balance equations for alwhereD, is the ambipolar diffusion coefficienk,;,, andI' .
relevant charged and neutral species to the electron Boltare, respectively, the total number of ionization and recom-
mann equation and the gas thermal balance equation. In fadiination events per unit volume and unit time. This is a
the densities of the charged particles and the excited speciesgcond-order differential equation that can be directly inte-
and the ionization and the recombination rates can only bgrated if its right-hand side is known. The right-hand side of
correctly determined in the framework of an accurate modethis equation, as well as the ambipolar diffusion coefficient,
for the species kinetics and transport in which all the electrortan be obtained from the electron Boltzmann equation
rate coefficients and transport parameters are determinembupled to a collisional-radiative model for the argon plasma

1d( dng
r
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as discussed in Sec. lll. It must be stressed at this point that The atom densiti\ is connected with the gas temperature
both the ionization and the recombination rates depend oand pressure through the equation of state
the four parametertd, ne, E, andT,, that is,

p
Fion:Fion(NaneyEyTg), (2) N(r)szT—g(r), (7)
Prec=Tred N.ne, E, Tg). (3 wherekg is the Boltzmann constant.

. . . o . Equations(1), (5), and(7), with the boundary conditions
The right-hand side of qu) IS usually POS'“Ye Ina dlffus_e (4) and (6), together with the plasma kinetic equations of
d|sche(1jr_ge rfecjrlim)’ .V\.'h'le. It c;]an changef sign at S.Omfj'g'. Sec. Il constitute a closed system of equations determining
termediate radial position In the case of a constricted diSyq r4jg| distribution of all discharge characteristics of in-
charge. Bothl'ec and I'iy, depend strongly on the electron yoeqt sych as gas temperature, atom, electron and ion den-

density. The nonlinear dependence Igf, on the electron  gjies excited states populations, electron and ion mobilities,
density is caused both by multistep ionization processes angecron diffusion coefficient, mean energy, and all rate con-
electron-el_ectron co_II|S|on faffecys. Several au_ﬂ[dr,élO—lZ stants for elementary processes.

have considered this nonlinearity as the main cause of con-

traction. As is well known, the ambipolar diffusion coeffi-

cient depends in a complex way on the relative densities of IIl. KINETIC MODEL

the various ionic species present and their corresponding mo- as stated above, a detailed description of the discharge
bilities, and on the electron mobility and free diffusion coef- \inetics must be achieved in order to solve the constriction
ficient. It must be determined from the electron Boltzmannpromem accurately. The kinetic model that is needed must
equation and the collisional-radiative model. provide a complete and self-contained description of the dis-
The appropriate boundary conditions for Eg). under the charge properties at high pressure-radius prodggscally
present conditions are above 100 Torrcmand degrees of ionization up to 19
dn.(0) Note that §everal _other models for .Ar have previously been
-0, n«(R)=0. (4y  proposed in the literature. These include, for example, an
dr analytical mode[22], a model for electron-beam generated
o ) ] _plasmag 23,24, models applicable at low pressuf@s], or
Gas heating in the discharge leads to a nonuniform distrix; high pressure§26,27], and models taking into account
bution of the neutral atoms across the radius, with a deplehigmy excited Ar stateg28,29. However, none of these
tion of the atom density in the central region. Assuming thaiymdels is applicable here for one reason or another, for ex-
heat conduction is the predominant cooling mechanism, thgmple, either because they do not include highly excited Ar
radial distribution of the gas temperature can be found byiates. or the heavy-particle kinetics, (@xcepting[26,27))

solving the following gas thermal balance equation: the formation of Ag* dimers.
For this reason, we have developed a detailed collisional-
_ Ei r(T )%) =Q(r) (5) radiative model for an argon plasma at high pressures that
rdr 9% dr ' takes into account the following species: @round-state

atoms, Ar(4s), Ar(4p), Ar(3d), Ar(5s), Ar(5p), Ar(4d),
where « is the thermal conductivity, which is a function of Ar(6s), Ar,* (excited dimers Ar*, Ar,", and Ag*. All
the gas_temperature for most gases. For argonA4.17  excited states belonging to the same configuration have been
X 10 °T2® Wi(cmded®) [14]. The term Q(r) on the |umped into a single level with an energy equal to the aver-
right-hand side of this equation accounts for all the gas heatage energy of the states of that configuration. This is justified
ing sources occurring in the volume. It has been assumed isince both the atom and the electron densities of interest here
[10,12 that all the deposited power in the discharge is dis-are sufficiently high to ensure a strong collisional mixing
sipated in gas heating, in which caQ¥r)=Ej(r), where between the populations in the levels of each configuration.

j(r) is the current density. Since power is also dissipated inmhe energy level diagrams of Ar and Arhave been taken
many other processes, such as ionization and excitation @fom [26,30.

metastable and radiative states, the above assumption can bejt is beyond the scope of this paper to present this

a crude overestimation. An accurate determinatiolQ0f)  collisional-radiative model in full detail since this would be

requires detailed kinetic calculations as performed here usingo lengthy. Details can be found elsewhgBd]. Here, we
our collisional-radiative model and the electron Boltzmannwi” present 0n|y a brief summary of this model to illustrate,

equation. for the sake of consistency, how the data to be inserted in
The appropriate boundary conditions for Ef) are Egs.(1) and(5) can be obtained.
The list of processes considered in the rate balance equa-
dTy(0) ~0, T,(R)=T ©6) tions for the above species is given in Table | in a condensed
dr te w manner. These include: ionization, excitation, reexcitation

and deexcitation processes by electron impact, all the al-
The gas temperature at the wal|, has been assumed to be lowed radiative transitions, chemi-ionization, three-body and
300 K in all our calculations, since this was the value of thedissociative recombination, conversion of atomic ions into
wall temperature in the experiments considered below fomolecular ions, diffusion of metastables and charged species,
comparison. and other processes. The total rate of ionizati@nis the
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TABLE I. List of elementary processes taken into account in the collisional-radiative model and the electron Boltzmann equation.

Elastic scattering M+e=M+e M=Ar,Ar*Ar," Ar, "
Excitation/deexcitation AK) +e=Ar(m)+e k,m=0,4s,4p,3d,5s,5p,4d,6s
lonization Ark) +e=Ar" +2e k=0,4s,4p,3d,5s,5p,4d,6s
Three-bod
recombination Ar et {Aer:ArMp) " {Aer k=123
Dissociative Ar,"+e=Ar(4p)+Ar
recombination Ar; " +e=Ar(4p) +Ar,*
Diffusion M=wall M=Ar(4s),e,Ar" Ar,™ Ary*
Spontaneous emission A= Ar(m)+hw all allowed transitions
Ar,*=2Ar+he
Chemi-ionization Art+Ar+e k,m=4s,4p
Ar(k)+Ar(m)= Ar,"+e k=m=4s
Molecular ion Art+2Ar=Ar, " +Ar
conversion Ar, " +2Ar=Ar, +Ar
Arg T +Ar=Ar, " +2Ar
Heavy-particle collisions Ar(4s)+2Ar=Ar,* +Ar
Ar(4p) +2Ar=Ar(4s)+2Ar
Ar(4p) +Ar=Ar(4s)+Ar

sum of the contributions of ionization from the atom groundnitude and electron temperature dependence, with available
and excited states and the dimer,A{21], by electron im-  data for argon.
pact, and from the various chemi-ionization processes. lon- In order to account approximately for the effects of diffu-
ization from the dimer is important under the present condision losses on the EEDF, a diffusion term of the form
tions since its population can be rather high. It is primarilyv g f°u’? has been included in the Boltzmann equation,
formed by three-body collisions of Arg} with two Ar at-  where
oms. The loss of electrons occurs through volume recombi-
nation with the atomic and the molecular ions, via three- Vit Ne=ion— I rec (8)
body and dissociative recombination processes, respectively
[total rate of recombinatioB)], and ambipolar diffusion to is an effective diffusion frequency, assumed to be velocity
the wall. Quasineutrality is assumed, that is), independent, and the EEDF is normalized such that
=[Ar*]+[Ar, 1+[Ar;]. Jout2%(u,rydu=ng(r), with u denoting the electron en-
The electron Boltzmann equation has been solved usingrgy. The inclusion of such a term is necessary in order that
the two-term expansion in Legendre polynomials, taking intathe creation of secondary electrons exactly compensates for
account all the electron elastic and inelastic processes listdtie electron losses, at each radial position, in the Boltzmann
in Table | as well as electron-electron collisions. For inertequation itself, consistently with the continuity equatidn
gases, the two-term expansion is accurate enough to detdrecall that the latter is just a moment of the Boltzmann equa-
mine the discharge properties under the present conditiontion).
The solutions have been found in the local approach, that is, In most of the steady-state, homogeneous Boltzmann
assuming that the electron energy distribution functioncodes accounting for diffusion losses, the effective diffusion
(EEDF is determined at each point by the local plasma pafrequency is considered fixed and the strength of the applied
rameters. Such an assumption is justified for the values of thiéeld is varied until the creation-loss balance is fulfilled. In
gas density—tube radius product considered in this worlour case this method does not apply since we are dealing
(corresponding t@R values above 100 Torr omsince the  with a strongly inhomogeneous problem in which the effec-
electron energy and momentum relaxation lengths are mudtive diffusion frequency varies radially consistently with Eq.
smaller than the plasma radius in this case. In this case, th®). This equation must be verified at every radial position.
radial dependence of the EEDF is only due to the radiaFurther, the discharge maintenance field is to be determined
variations of the electron and the gas densities. here as an eigenvalue solution of the continuity equatipn
In the present treatment of the Boltzmann equation, wevith the boundary condition§4), not from the Boltzmann
have assumed that the primary and the secondary electrorguation itself. For this reason, we used the following pro-
equally share the available energy after an electron impactedure(see Sec. IV for further details about the full numeri-
ionization process. In the case of chemi-ionization processesal procedurg for any values of the external field strength
it was assumed that the energy of the outcoming electron igsed at intermediate calculation stefps the iterations pro-
equal to the total energy available after the reaction. Finallyceed towards convergencehe effective diffusion frequency
in what concerns recombination, effective electron energyat each radial position was varied until E§) was locally
dependent recombination cross sections have been used tlsatisfied. In this way, when full convergence is achieved and
yield, upon integration over a Maxwellian distribution, val- the actual value of the maintenance field is found as the
ues of recombination coefficients in agreement, both in mageigenvalue solution of Eq1), one can be sure that the so-
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TABLE II. List of elementary processes taken into account for

the calculation of the gas heating te@[see Eq.(5) in the main guess for n(r)
text]. :
v
Elastic scattering Are=Ar+e
Elastic scattering Ar+e=Art+e calculation of Ty(r) |
Elastic scattering Ar,"+e=Ar,"+e v
Elastic scattering Ar,"+e=Ar, +e calculation of N(r)
Molecular ion conversion Art+2Ar=Ar, " +Ar -
Molecular ion conversion Ar, " +2Ar=Ar; T +Ar Y

convergence in No
lutions of the Boltzmann equation across the tube and of the Tq(r) and N(r) ?
continuity equation are fully consistent with each other.
Note, however, that at the pressures considered here the so- 7
lutions of the Boltzmann equation are mostly determined by
collisional processes, and are quite insensitive to the as- calculation of ng(r) |«
sumed form of the diffusion frequency.

The calculation of the gas heating soufterm Q in Eq. Y chanae £

(5)] takes into account all collisional processes that convert 9
some energy into the gas translational mode. At the high No

pressures of interest here the mean free path of ion—neutral-
species collisiongelastic and charge exchange collisipiss
very small, therefore it was assumed that the gas and the ion
temperatures are the same. Consistently with this assump- Y
tion, the power transferred to the ions through elastic
electron-ion collisions is to be considered as a direct source
of gas heating. According to the model calculations, the ma-
jor gas heating sources in our case are the elastic collisions
of electrons with atoms and ions and the conversion pro-
cesses of atomic into molecular ions listed in Table II. FIG. 1. Flowchart of the numerical solution.

convergence in
Tg(r), N(r), ng(r) ?

IV. NUMERICAL APPROACH with initial condition yo=1. For anyk, starting from the
center, the right-hand side of E€l), and hence of Eq9),

can be calculated from the electron Boltzmann equation. For
%’rbitrary choices of the electric fiekthe solution of Eq(1)

may diverge or swing to unphysical negative values of the
electron density. This is because not all vallkedead to
ghysically acceptable solutions. In particular, the boundary

A brief description of the numerical approach used to
solve the system of equations is presented below. The ele
tron continuity equatioril) has been discretized on a grid of
appropriately chosen radial positiong, wherek is an inte-
ger running from zero to a final valld. The number of grid
points was typically between 20 and 40, depending on th o L :
particular situation. An equidistant grigi=kAr, whereAr condition atr=R can _be satisfied only for_ one partlcglar
—RIM is the step size, is appropriate for diffuse dischargey@!ué ofE. Indeed, as is well known Eq1) with the condi-
and when the contraction is small. For moderately or highiyfions (4) constitutes an eigenvalue problem the solution of
contracted discharges, we used a nonequidistant grid, tphich involves the determination of one eigenvalue. This

grid points of which are concentrated in the center of theBigenvalue is the steady-state maintaining fildin the
discharge. After discretization E¢l) takes the form present case. This situation holds of course for both diffuse

and contracted discharges.

_ _ _ The approach used to solve E@) with the boundary
Vi1t At A i =P k=01 M 1’(9) conditions(6) consists of discretizing both Eq) and (6).

With this approach, a tridiagonal matrix is obtained, which
wherey, = n(r,)/n.(0). Due to thesymmetrya_,=a, and can easily be .solved _using standard numerical techniques to
y_,=y,. The boundary condition4) readsyy=0. The O.btall’.] th.e red|al distribution of the gas temperature. The ra-
electron density at the axis is assumed as an input paramet&'?" distribution of the atom density is then directly obtained

The electron density profile can be found from the relation from Eq. (7). However, since the right-hand side of E&)
depends on the atom density, which in turn depends on the

gas temperature through E(), a few iterations are neces-

M, k=0, sary to get convergence.
Vs = 2841 The numerical approach used to solve our system of equa-
by~ ak-1Yk-1— Yk k=12 M—1 tions is schematically represented by the flowchart in Fig. 1.
= ’ e The calculations start with a guess for the electron density

(10 profile. For a fixed electron density profile, E¢S) and(7),
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with the boundary condition&), are iteratively solved until

both Tg(_r) andN(r) converge. After this, Eq(l) is solved ] =100 Torr parameter:

as an eigenvalue problem in the way explained above. Start- 1 R=tcm current (mA )

ing with a guess for the electric field, this equation is itera- 0.8+
tively integrated from the center to the wall for successive % ,0.083
values of the electric field until the electron density at the < 0.6 0.67
wall matches the boundary condition. This numerical proce- & 77
dure cannot ensure an exact mathematical fulfillment of the 3@ 0.4

=3

1 (@

conditionng(R) =0 unless the iterations proceed over a pro-
hibitive period of time. For this reason, in practice it is suf-
ficient to require the electron density at the wall to be about
two orders of magnitude smaller than that at the axis. This
suffices to determine the eigenvalue to within a high accu-
racy (see further beloyv While solving Eq.(1), the radial
distribution of both the gas temperature and atom density
remains unchanged. Having found the radial distribution of
the electron density, Eq&5) and(7) are solved again for this
distribution to determine corrected radial distributions of the
gas temperature and density. Then, Ef. must be solved
again. Usually, three or four iterations suffice to converge all
the distributions.

The above solution procedure requires the following input
parameters: the tube radius, the gas pressure at the room
temperature(300 K), and the electron density at the axis. 200 T
Since the discharge current and the electron density at the
axis are uniquely related, it is better to take the latter density
as an input parameter. The current can be determined after- FIG. 2. Radial distribution of the normalized electron dengily
wards from the calculated radial distributions of the electronand of the gas temperatutb) for a pressure of 100 Torr, a tube
density and drift velocity. radius of 1 cm, and different discharge currents.

The procedure described above is a double loop. In each

externall loo dp the eigenvalue Iproblem _musr;[_ bhe solved. Theition. Near the discharge axis this term is always positive,
gigenvaiue etermlnatlon IS a loop too, in whic E_kj_.mu_st while near the wall it becomes negative when constriction
be solved several times until the boundary condition is fu"occurs(see Fig. 5. Such a change of sign has been men-

fi!led: But, to find a_solution to Eq(1) requires soIv_ing the tioned by several authors and can easily be explained. It is
k_lnetlc_ model equations and Fhe BoItzmqnn equation Severg) o 1o the strong nonlinear dependence of the ionization rate
tlmeg In order to obtain thg right-hand-side tglqmaryd the o the electron density, which makes this rate decrease much
coefficientsa, of Eq. (9). This poses severe difficulties con- ¢a51er and become smaller than the recombination rate in the
cerning the computation time, which can be, however, SOm€5ter plasma regions of the constricted column. Another
what overcome .by choosing a noneqU|d|st_ant grid. . . source of numerical difficulties is that the right-hand side of
The main difficulty of the whole numerical algorithm is Eq. (1) is the difference of two terméhe ionization and the

the sensitivity of the eigenvalue determination. For low eleCyacombination ratdswhich can both be very large near the
tron densities at the axis, only a couple of iterations suffice t%xis, but nearly compensate each other, as the electron den-

obtain the value of the electric field. For elevated, on-axisjy, increases. Their difference is a much smaller term the
electron densities, determination of the electric field is mor etermination of which can cause numerical instabilities

sensitive and reqyires a higher precision. U_sually, a pre_ci_siog{,hen solving Eq(1).
of about 10 3~10 * was enough, but sometimes a precision
of 10 ® turned out to be necessary. For high axial electron
densities, even very small changes in the electric-field
strength may cause dramatic changes in the solution and lead
to unphysical solution&or example, with negative values of Let us first present typical results concerning the transi-
the electron density in some regions across the)fuidzethat  tion from the diffuse to the contracted mode and the main
many iterations are then necessary to determine this eigeflasma parameters in both regimes. Comparisons are made
value. Moreover, in this case the electron Boltzmann equawith experimental data when available.
tion must be solved with much higher precision also, which Figure Za shows the transition from the diffuse to the
becomes more and more difficult with increasing electronconstricted discharge as the current increases, gor
densities. Nevertheless, the system was found to be physi100 Torr andR=1 cm. For the currents considered, the
cally stable and, as expected, a unique physical solutiorlectron density at the axis varies from®1® 102cm3
could been determined in all cases investigated. [Fig. 7(a) shows a plot of the on-axis electron densigrsus

We found that numerical difficulties may also arise evencurrent under the present conditign®hen increasing the
for moderate axial electron densities, because the right-hardischarge current up to about 1 mA the radial distribution of
side of Eq.(1) changes its sign at some intermediate radialthe electron density is little changed and remains close to the

V. RESULTS AND DISCUSSION
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FIG. 3. Electron energy distribution function at various normal- g 10‘25
ized radial positions/R, for a pressure of 100 Torr, a tube radius S 10,{
of 1 cm and a discharge current of 10.9 mA. 2
= 10"}
. . . . . . . o E
typical profile of the fundamental diffusion mode in cylindri- T
cal geometry. The actual distributions are just a little nar- 2 1°§ 1\0.75\ 05 025 o
rower than the classical Bessel profile, as one can assess by < 1o ‘ (b)
using the parameter é=nJng(0), where ng 10;
= [R27rng(r)dr/(wR?) is the mean electron density across o 5 T TR T T Tk
the radius, as a measure of the constriction. In fact, we have U(eV)

¢=0.38 anag=0.34 for| =83 A and| =0.67 mA, respec- FIG. 4. Electron energy distribution function at several normal-

tively (£=0.43 for the Bessel profile The constriction on- . . " .
sets near 4 mA, with a pronounced contraction of the radia'lzed radial positions/R, for a pressure of 100 Torr, a tube radius

profile occurring over the limited current range of 4—10 mA. of 1 cm, and discharge currents of 10.9 rte and 33.1 mA(b).
For 1>10mA, the constriction still continues, but at a
slower rate. The critical current value for the transition is,
therefore, about 4 mA in the present case.

Figure 2b) shows the radial distribution of the gas tem-
perature for the same discharge parameters as Fy. &s
expected, the gas temperature at the axis and over the wh

change in the EEDF shape mostly reflectsEibl scaling of
the distribution in this case.

Maxwellization effects due to electron-electron collisions
are illustrated in Fig. 4 showing the EEDF at different radial
R sitions, forl=10.9 and 33.1 mA. The EEDF becomes

cross section increases with the discharge current, and g ser to a Maxwellian with increasing discharge current, but

heating can become quite considerable. Significant devid!'e €xtension of this effect depends on the radial position

tions from the room temperature start to appear for currents 3"C€ the degree of ionization decreases toward the wall. For

little lower than 1 mA, before the constriction begins. This ! =33.1mA, tpﬁ bpdy of the EEDF is nealflﬁl M?‘xwellia}n ip}
seems to indicate that gas heating plays some role in thif!® center, while it is more Druyvesteyn-like shaped in the

constriction process, but the actual importance of this effecPUter regions. o
will have to be further investigated below. Figure 5 shows the radial distributions of the electron, the

Figures 3-6 show the radial distributions of severallON: and the excited-state concentrations. From the axis out-
plasma parameters of interest in a constricted discharge, fd¥ards: the electron density falls by a factor of approximately
p=100Torr,R=1 cm, and =10.9 mA. The calculated dis- 10 over a distance/R~0.3, which indicates considerable
charge maintenance field under such conditions is 42.2 V/crfonstriction. While for the u_suzil Bessel density profile
and the input power per unit length is 0.460 W/cm. The™0-43, In the present situatiogi=0.0415. The density of
EEDF at several radial positions is presented in Fig. 3 td 10ns also changes drastically across the radius. This den-
illustrate the spatial behavior of this distribution. For sim-Sity peaks at the axis with a value of approximately one
plicity, this figure shows values of the EEDF greater than€ighth of the electron density, but decreases much faster than
103 e\/’*3’zcm*3 only. With this representation, the figure the electron density with increasing radius. Everywhere

shows about seven decades of variation of the EEDF at th@Cross the tube, Af is the dominant ion, its density repre-
axis, and approximately five decades near the wall. The dei€nting approximately 98% of the total density of all the ion
gree of ionization varies from approximately 19 at the speC|e+s,_except in & very narrow central chann_el. The density
discharge axis, to approximately 18 near the wall. we ©Of Ary" is approximately two orders of magnitude smaller
note that the EEDF’s near the wall and at the axis differthen that of Ag™, so this ion has no influence on the dis-
significantly in shape. This is due to the different gas andcharge kinetics. On the basis of the above results, a simpli-
electron densities at both locations. Due to the small degredigd set of ion kinetics can be suggested. To a first approxi-
of ionization, electron-electron collisions have some effectmation, it would be sufficient to consider only Arions and

on the EEDF shape only in the central region and the distriassume that all atomic ions formed by electron collisions and
bution is far from a Maxwellian everywhere. The radial chemi-ionization reactions are immediately converted into
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o . ) the axis than at the wall. Due to both of these reasons, the
FIG. 5. Radial d_|str|but|on of th.e electron and ion d.ens'(@s ionization rate, which is a strongly nonlinear function of the
and of the populations of the excited staté$ for the discharge . .
conditions of Fig. 3. The density of Aris multiplied by factor of 5 falectron de”S'W an@/N, sharply peaks at _the axis. On go-_
and that of Ag" by factor of 20, ing from the axis to the wall, t_he decrez_ise in e_lec_troq density
is about two orders of magnitude, while the ionization rate
falls off by more than four orders of magnitude. On the other
Ar,” through three-body reactionsee Table ). Such an hand, the outward decrease in the recombination rate is much
approximation would not much affect the recombination ki-slower. In the center of the discharge the ionization rate is
netics since dissociative recombination of electrons withsomewhat higher than the recombination rate, so that the
Ar," ions overwhelms the other recombination processesiifference between these two rates is balanced by a positive
under the present conditions. diffusion rate (corresponding to a net loss of electrons by
As seen from Fig. &), the population of the Ar(d) con-  diffusion, per unit volumg However, the ionization and the
figuration largely exceeds that of any other configurationrecombination rates exactly balance each other at a point not
This is principally due to the quasimetastable nature of thigar from the axis due to the much sharper outward decrease
configuration(remind that two levels of this configuration of the former rate. Beyond this point, recombination over-
are true metastables, while the other two are radiative state®mes the creation of new electrons, and a negative diffusion
that behave like pseudometastables at these high pressurese has to compensate for the differeriaenegative diffu-
due to imprisonment of the resonance radigtidthe mean sion rate means that the number of electrons diffusing into a
populations of all higher configurations follow a pseudoequi-given volume element is larger than that of those diffusing
librium law with an excitation temperature considerably out of this element, per unit time; in this case, diffusion leads
lower than that of the electrons. This is indicative of impor-to a net gain of electrons, contrary to the usual situation
tant radiative losses. The large difference between the popwvhere it leads to a net lossAs seen from Fig. 6, for/R
lations of the first and the higher configurations occurs only>0.3 the recombination is balanced mainly by diffusion. The
for the moderate electron densities of this examplefact that recombination must be balanced by diffusion out-
(10*°-10cm™3). In fact, for electron densities of about side the constricted channel has been pointed out by several
10*cm™3, the populations of the Ar(@) and the higher authors[4,6,7,10.
configurations become closer to that of Asj4 and the ex- Detailed calculations similar to those presented above for
citation temperature closer to the electron temperature. Not€00 Torr argon pressure ai=1 cm have also been carried
also that the population of the molecular dimerAis very  out for 200 and 500 Torr, and the same tube radius. Quali-
high so that, according to our results, this dimer cannot beatively, the basic trends of the calculated data are similar at
disregarded in the model. all these pressures, but the values of the plasma parameters
Figure 6 shows the radial distributions of the ionizationas a function of the current change of course with pressure.
and the recombination rates, and of their difference, that isJo illustrate this, Figs. 7 and 8 show calculated values of the
the net diffusion rate. To understand the behavior of theselectron density, electron temperature, and gas temperature
distributions, recall that the radial distribution of the atomat the tube axis, and of the maintenance electric fielcdus
density is nonuniform, due to gas heating. In the presenthe discharge current, for 100 and 200 Torr argon pressure,
case, the calculated gas temperature at the axis is 688 respectively. Also shown in these figures for comparison are
Fig. 2, hence the gas density is about two times lower, andlata inferred from experimen{d4] for the same pressures,
the reduced fieldE/N about two times higher, at the axis tube radius, and wall temperatui@00 K) as the calculations.
than at the wall. The electron density is also much higher aThe diagnostics used in these experiments consisted of mea-
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FIG. 8. As in caption to Fig. 7, but for a gas pressure of 200
orr.

FIG. 7. Variation of the electron densitg) and the electron and
the gas temperaturéb) at the discharge axis, and of the maintain-
ing electric field(c) with the discharge current. The gas pressure is
100 Tolrr and the tube radius is 1 cm. Data points are from experignd gas temperature, and the value of the electric field ex-
ments in Ref[14] hibit a jump for some critical value of the discharge current.

In particular, the central value of the electron density sud-
surements of the electric field and of the radial profile of thedenly increases, while the electron temperature and the main-
brightness of the bremsstrahlung continuum. From thest&enance field suddenly drop at some critical current value.
measurements, the absolute values and radial profiles of tfguch jumps are also experimentally observed, even though
electron density and the atomic temperature have been detdhe theoretical and experimental critical currents differ a little
mined in[14] using the current balance and the heat balanceas it can be seen from these figures.
equations(assuming in the latter equation that all the dis- Although the existence of a critical current is well repro-
charge electrical power is transferred into gas heatinbile  duced by the theory, the calculated plasma parameters for
the electron temperature was calculated from the measureldO Torr shown in Fig. 7, are single-valued functions of the
electric field and the electron energy balance. Unfortunatelygcurrent(in contrast with the results of the analytical model of
the errors associated with such determinations have not beétef. [10]), thus the experimentally observed hysteresis ef-
estimated irf14]. fects[14] associated with constriction cannot be fully under-

Taking into account the various sources of error in thestood in terms of such plots. This is because the discharge
calculations(especially, the lack of accurate data for a num-current is not a proper physical parameter determining the
ber of kinetic processg¢sand in the data from experiments plasma properties. The proper parameter is the power depos-
(indirect determinations based on model assump}jomse ited in the plasma or, in the case of an axially uniform
can conclude that the predictions of our model agree verplasma column, the power deposited per unit column length
satisfactorily, both in magnitude and in the basic trends ofthe specific power Figure 9 shows that both the calculated
the various quantities, with the data given [itd]. There and the experimental central electron density and tempera-
seems to exist, however, some discrepancy between theotyre, and discharge maintenance field at 100 Torr argon pres-
and experiment as to the nature of the transition from thesure (same experimental data as in Fig. 7, but plotted now
diffuse to the constricted modsmooth or abruptand the versusthe specific poweEl) are multivalued functions of
corresponding critical current. This point deserves therefor¢he discharge specific power within some range of values of
further investigation. the latter. The calculated and the experimental data have the

The calculations shown in Figs. 7 and 8 reveal that thesame qualitative trends: the density is Ssshaped function
axial values of the electron density, electron temperaturepf the specific power, while the temperature and the electric
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FIG. 10. Radial profile of the electron density in argon taking
into accouni(solid curve and neglectingchain curvé gas heating,
] for 100 Torr pressure, a tube radius of 1 cm, and a discharge current
1%8 R of 14.7 mA. The central electron density isx20%cm™2 in the
former case and 5:210'*cm™2 in the latter one.

100;
= 807 . .
g 1 constant gas temperature, but that nonuniform gas heating
S 60 contributes to additional contraction for given operating con-
W 40-] ditions. The simulations further show that, for constant gas
1 temperature, sudden jumps in the discharge parameters and
20 X , . >
| hysteresis also occur, but at a considerably higher critical
0 — T T current. Therefore, nonuniform heating of the gas is not a
0 02 04 06 08 1 determining factor for the constriction phenomenon. This

P(W/cm) conclusion invalidates all earlier explanations of constriction
FIG. 9. Electron density and temperature at the discharge axi&S @ direct consequence of nonuniform gas hedfin@,13
and discharge maintenance field as a function of the electric powds€€ Sec.)l .
deposited per unit column length, for 100 Torr argon pressure and a 10 illustrate further the gas heating effects, and also the
tube radius of 1 cm. Solid curve, calculations using the completdole of electron-ion dissociative recombination, Fig. 11
model; data points, experiment; chain curve, calculations neglectinghows results of simulations assuming a recombination rate
electron-electron collisions. about two orders of magnitude smaller and a thermal con-
ductivity much higher than the corresponding values for ar-
gon (in fact, the values adopted for both parameters corre-
field areZ-shaped functions of the same parameter. Note thaspond to those of heliumAlso shown for comparison are
the discrepancies between theory and experiment in Fig. Besults for the same low recombination rate and constant gas
just mirror in this plot those existing in Fig. 7. Simil&and  temperature. In this latter case, due to the assumed, small
Z shapes have also been found for the other pressures inveglue of the recombination rate, the ionization rate exceeds
tigated, namely, 200 and 500 Torr. Such multivalued soluthe recombination rate across the entire column cross section
tions explain the observed abrupt changes in the plasma pand is balanced primarily by diffusion losses. Therefore, the
rameters and the hysteresis as previously discussed Mdischarge is diffuse and no contraction is observed. How-
Golubovskii and co-workergl0-17. ever, as can be seen from this figure considerable contraction
The model investigated in this paper accounts for all pro-arises by considering gas heating, even though the high ther-
cesses that have been referred to in the literature as possiliteal conductivity assumed prevents strong gas heating in this
causes of constriction, namely, nonuniform gas heatingcase. Although small, the radial decrease of the gas tempera-
diffusion-recombination balance in the outer plasma columnure (consequently, the radial increase of the gas density
regions, and the strong radial decay of the ionization ratesuffices to cause a decrease of the ionization rate with radius
which is connected with the importance of stepwise ionizathat is fast enough for this rate to become smaller than the
tion processes and electron-electron collisions. It is, thererecombination rate in the outer plasma regions. This triggers
fore, necessary to investigate further the importance of sucbudden contraction of the discharge. Such a rapid variation is
processes by detailed simulations in order to get kinetic indue to the complex nonlinear dependence of the ionization
sight into the relevant processes. rate on the degree of ionizatidthrough cumulative ioniza-
Figure 10 compares the electron density profile obtainedion processes and the influence of electron-electron colli-
from the complete model with that obtained ignoring gassions on the shape of the EEPEnd the reduced mainte-
heating, that is, assuming a constant temperature of 300 Kance fieldE/N.
across the tube, forp=100Torr, R=1cm, and I The results in Figs. 10 and 11 reveal that the occurrence
=14.7 mA. It is seen that the discharge contracts even for af sudden contraction must be connected with the strongly
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the constriction phenomenon in argon is quantitatively ana-
lyzed on the basis of a complete, self-consistent discharge
model. The model quantitatively reproduces the observed
evolution of the discharge parameters as the current increases
at fixed pressure, the occurrence of abrupt changes in the
values of such parameters at some critical current, and hys-
teresis. These abrupt changes and the hysteresis, which are
associated with constriction, have been shown to be due to
the fact that the plasma parameters become multivalued
functions of the specific electrical power deposited into the
discharge within a limited range of values of the latter, above
some critical value. The existence of multivalued solutions
of the internal plasma parametemrsusthe power loadex-
ternal parametgrindicates that the mechanisms of constric-
tion in dc and microwave discharges can presumably be un-
derstood within the same theoretical framework.

Kinetic insights on the relevant processes of constriction
are provided by the present model for argon, which are in-
strumental to understand also constriction phenomena in
other situations. It was shown that gas heating, cumulative
ionization, and the influence of electron-electron collisions in
forming the distribution function contribute altogether to
contraction and must be taken into account to explain quan-

{1 p=100Torr
14 R=lcm )
ne (0) = 1x0" em

ne(r/R)/n(0)
o
?

280 - R titatively the observations. However, it was demonstrated
R _0'_5 (') 015 1 that nonuniform gas heating and cumulative ionization can-
r/R not explain the occurrence of sudden contraction and hyster-

esis. Only the complex dependence of the ionization rate on
FIG. 11. Calculated radial distributions of the electron densitythe degree of ionization through the effects of electron-

(a) and the gas temperatufl) when the values of the dissociative glectron collisions on the electron energy distribution func-
recombination rate and the gas thermal conductivity of argon argigny can explain such phenomena. In fact, we have shown
replaced with those of helium, for a pressure of 100 Tor, a tubgnat in the absence of such collisions the discharge contracts
radius of 1 cm and a central electron density of*tdn3 (solid as the power load increases, but no sudden changes in the
lines). Also shown for comparison are similar calculations, but as'discharge parameters or hyst,eresis occur. On the other hand
suming a constant gas temperature of 3.00 K across the(tlkén aking into account the effects of electron-electron collisions
lines). The discharge current is 3.8 mA in the former case and 7. ut assuming a constant gas temperature in the model, sud-
mA in the latter one. : . . - !

den contraction and hysteresis still occur but for critical cur-
. _ S rents far above the experimental values. Though as noted
nonlinear variations of the ionization rate referred to above, inhomogeneous gas heating is not responsible for sud-

As afinal step, we need to elucidate which nonlinear meChaden contraction and hysteresis, the radial decay of the gas

nisms play a key role. To this end, a simulation was per'temperature enhances the contraction and contributes to de-

formed using our full model for 100 Torr argon pressure bUtcrease the critical current towards the observed values.

ignoring electron-electron collisions in the Boltzmann equa- In conclusion, our model invalidates previous works in
tion (thus, still taking into account gas heating and CumlJIa'Which constriction is attributed to nonuniform gas heating

tive ionization processesin this case, a continuous contrac- 1-3,13, but confirms on solid grounds the explanations
tion of the density profile takes place with increasing Currené:'ropc')se'd in Refd10—17 on the basis of simplified models

but no abrupt changes in the plasma parameters and hyst his model provides, therefore, clear-cut conclusions regard-

esis dg occurbasGshlmgm 'nk.'.:'g' 3 This ng[gsromsltah? Cc’nduing existing controversies in the literature about the mecha-
sions drawn by Golubovskii and co-wor - rom  icms of constriction.

simplified analytical models about the key role played by Future work should lead to the development of appropri-

electron-electron collisions in constriction phenomena in ar-.. - isional-radiative models for other gases and investi-
gon. gate constriction in other types of discharges, following the
basic guidelines of this paper.
VI. CONCLUSIONS

A numerical model based on solutions of the electron
continuity equation and the gas thermal balance equation,
coupled to the electron Boltzmann equation and to a One of us(G.P) would like to thank NATO for financial
collisional-radiative model for the dominant neutral and ionsupport. This work was supported by the Portuguese Minis-
species, has been developed to investigate the properties w§ of Science and Technology in the framework of the
dc discharges in argon at high pressures and the mechanisfRRAXIS XXI Progamme, partially funded by the Pro-
of constriction. To our knowledge, this is the first time thatgramme FEDER of the European Union.
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