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Modelling self-or ganization on DC glow cathodes

P. G. C. AlmeidaM. S. Benilov, and M. J. Faria

Departamento de Fisica, Universidade da Madei@glo do Municipio, 9000 Funchal, Portugal

Multiple steady-state solutions existing in the aye of glow discharges are computed. The
simulations are 2D and performed in the framewdrthe simplest self-consistent model of glow
discharge, which accounts for a single ion speaies employs the drift-diffusion approximation.
Solutions describing up to nine different modesenund. One mode is 1D and represents in
essence the well-known solution of von Engel areetheck. The other eight modes are axially
symmetric, exist in limited ranges of the dischamerent, and are associated with different
patterns of current spots on the cathode. Accolidiffusion losses affects the solutions strongly.
The solutions that exist in limited current rangescribe patterns which may be viewed as axially
symmetric analogues of the 3D patterns observ&Omlow microdischarges in xenon.

1. Introduction vanishes at the anode; electrostatic potentials of

It is well known that current transfer to cathodeboth electrodes are given. One boundary condition
of DC glow discharges can occur in the abnormat the wall of the discharge vessel is the
mode or in the mode with a normal spot. Recentlgonventional condition of zero electric current
also modes with multiple spots have been observattnsity. Two boundary conditions are used
e.g., [1,2] and references therein. These fadtstljo alternatively for the densities of charged partci¢
with considerations stemming in bifurcation anaysithe wall, corresponding to the cases i) where
and the theory of nonlinear dissipative structuresdjffusion losses to the wall are neglected, and ii)
have led to a hypothesis [3-5] that a self-consistewhere diffusion losses are taken into account.
theoretical model of a near-cathode region in a DC Results reported in this work refer to a discharge
glow discharge must admit multiple steady-stat&m xenon under the pressure of 30 Torr. The
solutions describing different modes of curreninterelectrode gap i = 0.5 mm and the radius of
transfer. However, these solutions have not bedme discharge tubR is between 1.5 mm or 0.5 mm .
revealed by the numerical modelling [6-12]. The mobility of Xe" ions in Xe was evaluated by

Fot" (;[h_e f'lrgt :lmel’sthgﬁ‘f S_°|Utl'°”5 have ?eeﬁﬁeans of the formulg; = 2.1x16' m* v st /n,
acconted for and only two 20 modes were foune 1 IS the density of the neutral gas). The

- . Mmobility of the electrons was evaluated by the
In the present work, additional data on the muebtlplf
. ) e . ormula

solutions without diffusion losses are given ang th

effect of the diffusion losses is investigated. Me = 17 Torr nf V- s /p, where p is the pressure of
the plasma; Townsend's ionization coefficierwas
2. The model evaluated by equation (4.6) of [14]. The diffusion

Let us consider a mathematical model of a DCoefficients were evaluated by means of Einstein's
glow discharge comprising equations ofaw and the temperatures of the heavy particles and
conservation of a single ion species and thglectrons were set equal to, respectivélys 300 K
electrons, transport equations for the ions and th&d T = 1 eV. The coefficient of dissociative
electrons written in the so-called drift-diffusionrecombination of molecular ions Xewas set equal

approximation, and the Poisson equation. Thg 2x103 m® s'. The effective secondary emission

processes considered for charged particle productiggefficient was set equal to 0.03. Cylindrical

and decay are electron impact ionization an ordinateqr, ¢, z) with the origin at the center of

dissociative recombination. The temperatures of the” .t J4e and the z-axis coinciding with the axis
charged particles are assumed given and unifor(glflthe vessel were employed

thr%ughc:jut the dlz(_:tharge.t h thod q Numerical results reported in this work have
our_w ary _con itions - a _e cathode an_ a.no%%en calculated with the use of the commercial
are written in the conventional form: dlffu5|onfinite element software COMSOL Multiphysics

fluxes of the attracted particles are neglected Fhe 1D mode, which exists at all discharge currents

compared to drift; electrons _are_: emitted_ by _thgnd is termed fundamental, may be found as a
cathode through secondary emission; density of 'O atter of routine. However, other solutions are not
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easy to find: one needs to know in advance whdesignatedy, and located at lower currents. These
these solutions are like and where they should Btates belong not only to the 2D mode being
sought. In this work, this information was obtainedonsidered, but also to the fundamental mode. In
by means of finding bifurcation points where 2Dbther words, the solutions describing the 2D mode
solutions branch off from the fundamental modegnd the fundamental mode coincide at these states.

similarly to what has been done in [5]. This phenomenon is well known in mathematical
physics and called bifurcation, or branching, of
3. Multiple solutions without diffusion losses solutions, and states where it occurs are called

Results reported in this section refer to &ifurcation points.
discharge tube of the radiig= 1.5 mm. Multiple The (two) bifurcation points positioned on each
solutions describing nine different modes wergD mode divide this mode into two branches.
detected in this case, a 1D mode and eight 2Bchematics in figure 1 illustrate current density
modes. As an example, the current-voltagdistributions over the cathode surface correspandin
characteristics (CVCs) of the fundamental mode artd each branch. One of the two branches of each 2D
the first, fifth and eighth 2D modes are shown imode is associated with a pattern comprising a spot
figure 1. Here<j> is the average value of the axiakt the centre of the cathode and the other with a
component of the electric current density evaluatgmhttern without a central spot.
over the (circular) cross section of the discharge The complexity of the patterns associated with
vessel. It should be noted that the CVC of thethighthe 2D modes increases witlr, equivalently, with
2D spot mode coincides, to the graphical accuracy, decrease of the range of existence of the
with the CVC of the fundamental mode. Each of theorresponding mode.
2D modes exists in a limited range of the discharge For the central-spot branch of the first 2D mode a
current and its CVC represents a closed curve.  plateau on the CVC can be seen in figure 1. The

For each of the 2D modes, there are two statesritaximum of current density over the cathode
which densities of charged particles and electrgurface for states belonging to this plateau da¢s n
potential vary withz but not withr. These states are change much. Both the plateau of the CVC and the
marked by circles in figure 1 and subsequermpproximate constancy of current density inside the
figures. One of these two states is close to thiet pospot are characteristic features of the effect of
of minimum of the CVC of the fundamental modenormal current density. Hence, the section of the
and is designatedy (i = 1,2,..,8), the other is central-spot branch of the first 2D mode

corresponding to the plateau of the CVC may be
180 — identified with the normal discharge.
U (V) The effect of normal current density is
b, manifested also by the other branch of the first 2D
mode and by the second and subsequent 2D modes,
however with increasingi it becomes less
pronounced and occurs in a narrower range of the
discharge currents, eventually disappearing.

The patterns with multiple spots may be viewed
as axially symmetric analogues of 3D patterns
observed in DC glow microdischarges, see e.g.
[1,2]. Thus, the present modelling supports the
hypothesis [3-5] that patterns with multiple spots
may be described in the framework of basic
mechanisms of glow discharge, so there is no need
to introduce special mechanisms to this end.

0 1 5 3 4. The effecf[ of variation_of theradius _
10 10 10 10 Calculations for a discharge tube of the radius
<j> (Am2) R = 0.5 mm revealed only two 2D modes; see figure
Figgre 1:CVCs.R = 1.5 mm, diffusi(_)n losses neglected  Also shown in this figure is the fundamental
Solid: fundamental mode; dashed: first 2D modeheds ,54e (which is the same that the one foundRier
dotted: fifth 2D mode; circles: bifurcation points. 1.5 mm). Average current densities corresponding to
the bifurcation points positioned on the first and
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second 2D modes are
<j@)> = 311 A m?, <jb)> = 7.7 A me, 177
<j(a,)> = 265 A, and <j(b,)> = 26 A m2. Note U
that the similar values foR = 1.5 mm are 1707
<jay)> = 329 A m?, <j(by)> = 1.3 A m? i
165

<j(az)> = 325 A n?, and<j(b,)> = 3.4 A m?. One
can conclude that a decreaseRotauses a shift of
the two bifurcation points belonging to each 2D160
mode in the directions towards each other. The
range of existence of each of the 2D modes also
shrinks with a decrease Bf 155+
Calculations for intermediat® have shown that 4
the third to eighth 2D modes disappear with

. . 150
decreasingR one by one, and the disappearancé AV

occurs through shrinking of their existence ranges. 2 10° 10% <j> (Am?)
A more or less pronounced effect of normal current (@)

density is present & = 0.5 mm only on the first 2D (V)"

mode, as evidenced by the CVCs shown in figure 2. 63

5. Solutions with diffusion losses -
When diffusion losses to the wall are taken into
account, the fundamental mode is no longer 1D but 164 —
rather becomes 2D. Furthermore, the non- i
fundamental 2D modes do not bifurcate from the
fundamental mode. Under these circumstances it is 160 —
not possible to rely on bifurcation analysis ineard i
to obtain information on the range of existence of
non-fundamental 2D modes or what these modes are 156
like.
The procedure of finding these modes was as
follows. Starting from a state belonging to a 2D 152
mode without diffusion losses, the diffusion losses
are gradually introduced for a fixed value of the
input parameter (the discharge voltage or current). (b)
When diffusion losses have bee_n fully intmduced.Figure 2: CVCsR = 0.5 mm, diffusion losses neglected.
the next SteP was to vary th_e Input parameter [Q) The first 2D mode and fundamental mode; (b) the
order to obtain the 2D mode in the whole range @&cond 2D mode and the fundamental mode.
its existence.
Three 2D modes have been found for The fundamental solution describes the abnormal
R = 1.5 mm. One of them exists at all current Valueaischarge, the normal discharge, the subnormal
i.e., is fundamental, the other two modes exisy onljischarge, and the Townsend discharge, and is
in limited current ranges. The CVCs of the thregimilar to the solutions computed in, e.g. [6-THe
modes are shown in figure 3. The 2D modes are @lst and second non-fundamental 2D modes are
disconnected from each other, although CVGCgssociated with patterns with an interior ring spot
intersect at some values of the discharge curreghd, respectively, a spot at the centre and aridnte

The CVCs of the non-fundamental 2D modefng spot. Only the fundamental mode was found at
represent closed curves and each is constituted Y- 0.5 mm.

two branches separated by two turning points. Also

shown in figure 3 is the fundamental mode fogoncluding remarks

R = 0.5 mm. No other 2D modes have been found Mmultiple steady-state solutions have been found
for this value oRR in the framework of the simplest self-consistent

20 10° <j> (Am-2)
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180 steady-state  solutions, and eventually an

U (V) A introduction of more complex effects, such as the

175 — presence of multiple ion and/or neutral species,
variations of the electron and heavy particle
temperatures, nonlocality of the electron transport

1704 with the aim of explaining why patterns with
multiple spots have been observed in xenon

165 microdischarges and not in other discharges.
Finding of multiple 3D solutions may be facilitated

160 — by bifurcation analysis in a similar way as it was
done in this work while finding multiple 2D
solutions.
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