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Abstract

In this Letter, we investigate a model elaborated by Wilke et al. to explain various regimes observed in a helium glow
discharge [Phys. Lett. A 136 (1989) 114] for which the underlying dynamics can be chaotic, quasi-periodic, etc. We found that
this model does not obey all the required physical principles. A new one is therefore proposed. It is mainly based on separated
balance equations for charged species resulting from the propagation of ionization waves.
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1. Introduction the collected light intensity containing subharmonics
and broadband noise is observed: for particular values
of the control parameters, these striations may become
chaotic [4].

In order to identify the main processes responsible
for the behaviors observed in the case of helium (see

The positive column of a dc or ac glow discharge in
metallic vapors, noble or molecular gases is almost al-
ways crossed by moving striations leading to quick os-

cillations of the light intensity collected at a given lo- the experimental device in Fig. 1) for the conditions
cation [2]. Rayment and Twiddy have experimentall X . ' .
lon [2] y widdy have exper y summarized in Table 1 and to analyze the influence

established that these waves are accompanied by os- . , .
cillations of the electron energy distribution function of ch¢m|stry, Wilke et al. [1] developed a non-llmear

(eedf in the following) [3]. If the discharge voltage ~C'€Mical model based on the balance equation for
is disturbed periodically by an ac voltage with a low electrons and excited atoms. After introducing their

modulation depthn, the frequency of the striations Se.t O.f equations that do not _satis_fy "’.1" the physical
locks on that of the periodic excitation following a lin- principles, a new set of equations is discussed. These

ear regime. By increasing, a frequency spectrum of equations involve new rate coefficients from up—datgd
data for the elementary processes. Moreover, we dis-

cuss thoroughly the propagation of ionization waves
* Gorresponding authr, and their influence upon these equations in order to

E-mail address: arnaud.bultel@coria.fr (A. Bultel). complete the model.
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Fig. 1. Schematic experimental device used by Wilke et al. where the voltage delivered by the electric d6urce-i§— (1 + m coss2 t).

Table 1
Experimental conditions for the model by Wilke et al. (see Fig. 1 for
the device)

Parameter Notation Value
Discharge length I 41 cm
Radius o lcm
Temperature To 300 K
Pressure Po 1.8 Torr
Current ig 1-5mA

The subsequent part of this Letter is organized as
follows. Section 2 introduces the model by Wilke
and his co-workers. In Section 3 an improved set of
equations is proposed for a better description of the
physical processes. Section 4 gives a conclusion.

2. Themodel by Wilke et al.

The balance equation for the electrons and the
excited atoms of helium is written under the form:
n

I, n,
Iy M_pi=o, @)
0x Tj ’

8n,~
ot

wheren is the density of the particled, their flux
density andr their lifetime due to the diffusion to
the wall of the cylinder containing the plasma and
the destruction by chemical reactiorys= a for the
excited atoms andg = e for electrons.P; is their
production rate.

In the case of electrons, the electroneutrality leads
to a uniform electric field in the positive column so that

01;/9x is reduced to the contribution of the diffusion.
Moreover, this leads to the ambipolar approach. The
orders of magnitude for the mobilities of ions and
electrons as well as their diffusion coefficients allow
the ambipolar diffusion coefficient to be written under
the following form:

b
Dam = L D,,
am be e
where b., b, and D, are the mobilities for the
electrons, the ions and the diffusion coefficient of the
electrons, respectively. According to Wilke and co-
workers [1], Eq. (1) becomes:

)

one by ane Ne
— 4+ Ep—S+=*_p=0 3
8[+beeax2+re ¢ ®)
Hence, the diffusion flux density is:

b on
I, =+-£D,—¢ 4
¢ +be ‘ ox @)

for which b,, b, and D, are uniform. This form
cannot be correct since it suggests a drift velocity
oriented towards the highest concentrations of elec-
trons when there is no external source such as an
electric field. This is in conflict with the second law
of thermodynamics. Such a contradiction will have
deep consequences on the dynamics. In particular, the
chaotic behaviors generated by this model and ex-
perimentally observed will not be recovered with a
corrected diffusion flux density. This will be detailed
later.
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Table 2
Rate coefficients in s~ used by Wilke et al. and us. The reduced electric field is expressed in Td=£110d?1 vV m?2)
Rate coeff. Value used by Wilke et al. [1] Our value
2000 4.08x 10728(E /n)73 1.8 x 10725(E /n)>8
Zaoo 2.70x 107 14(E /n)0-65 < the same
Za 11x 10715 see Table 3
Zme 3x 107134 515x% 1018(E/n) 2.4 x 107 14(E /n)0-44
20a 7.01x 10723(E/n)*> 8.7 x 10721(E/n)28

The usual assumption about the radial diffusion is
to consider only the fundamental mode corresponding
to the most important characteristic time. Moreover,
the bulk recombination is neglected; is therefore
proportional tor3/ D .

The chemical reactions taken into account result
from the simplified energetic diagram. Considering the

wheren is the total density of the plasma, and Eq. (5)
takes the form:

A2Dpn,

2
o

+ 1451424000 — NNe20q = 0.

ong

o + 14502z, + 1.45100n42me

(M

ground state, the excited levels and the fundamental 1€ value 1.45 is due to the radial average of the

level of the ions, the electrons are produced by direct
ionization of the atoms under electron impact (the
rate coefficient iszo~), Stepwise ionization of the
excited atoms (with the rate coefficients,) and
Penning ionization (the rate coefficient ig). The
rate coefficients used by Wilke et al. are reported in
Table 2. The reduced electric field/n is expressed
in Td: we preferred this unit since it is the convenient
one for electric discharge problems.

Since the diffusion of the excited atoms may be
neglected along the discharge axis, Eq. (1) applied to
them is rewritten under the form:

dang

ng
+ —=—-P,=0.
ot “

Ta

®)

The loss termu,, /1, takes into account the radial dif-
fusion to the wall (where once again only the funda-
mental mode is considered), the Penning ionization,
the destruction of the metastable atoms by electron im-
pact (rate coefficiens,,.) and the stepwise ionization
of the other excited atoms. Finally, the production rate
P, for excited atoms results from the total excitation
under electron impact (rate coefficient,).

According to Wilke et al., Eq. (3) becomes:

82ne
9x2

on,
ot

by

by )&Damne
be

2
To

e

(6)

— NNeZ000 — L4541 02000 — 1.4500,42, =0,

guantities as explained in the recent publication by
Koch et al. [5] andi; is the first root of the zeroth
order Bessel function.

Egs. (6) and (7) cannot be correct because the Pen-
ning ionization is produced by the collision between
two metastable atoms according to the process:

He(23S or 2S) + He(2°S or 2's)

=% He" + e +He(119). (8)

Thus, the term #5in,z, in Eq. (6) should be
1.45:27, instead and the term4522z, in Eq. (7) has
to be multiplied by a factor 2.

Assuming stationary wave propagation for the elec-
trons, Wilke et al. assumed that D’Alembert’s equation
82ne 2 82ne

02~ " oxZ ®)

where v is the group velocity is fulfilled. Unfortu-
nately, this equation is not appropriate in this context
because the chaotic behavior of the local light flux may
have two simultaneous physical origins for prevent-
ing a steady wave. Either stationary electron density
profile is accelerated or broken during its propagation
along the discharge axis, or this profile is excited or
damped during its propagation with constant velocity.
In both cases, D’'Alembert’s equation is incomplete
and an additional term has to be inserted accounting
for the necessary unsteady wave propagation. More-
over, D’Alembert’s equation cannot be external to the
balance equations but must result from them.
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The dynamical variables are normalized according
to:

x=100%,  y=1"¢  =10% (10
n n

Using these variables and Egs. (6) and (7), Wilke et

al. obtained the set of ordinary differential equations

(o.d.e. system) as follows:

dx
— =7, 1lla
P (11a)
7 E 7.3 E 0.3
treele () ) )
dt Po Po
E 0.65
+0.52<—) XY +o.01yz]},
Po
(11b)
dY E 4.5
L —_0.15Y + 0.072(—) X —0.01y2
T Po
E E 0.65
- [2.6 + 0.15(—) + 0.52(—> ]XY.
J2 po
(11c)

Eq. (11b) shows that the term4Bn2z, must have
been used in Eq. (6). In this second equation,

_ 10%p.v?
YT 7,0,
is constant. The reduced electric field is kept under the
form E/pg for easier comparisons with the work by

Wilke et al.

In fact, this set of equations cannot be obtained
from Egs. (6) and (7). Indeed, after some algebra,
Eq. (11b) becomes instead:

3 B )\EDam )X

E
——C{z-| (105 =
e [(0°(5) o
E 0.65
+o.52(—) XY+O.01Y2]}.

Po

(13)
In order to ensure identity between these equalities,
the ambipolar diffusion coefficient has to be electric
field dependentC; is therefore a function ok /pg
(cf. Egs. (2) and (12)). This was not taken into account
in Wilke's investigations since all the numerical sim-
ulations were done witlT; = 2. Moreover, it is im-
portant to note that deducing Eq. (1) from the general

(12)

dz

drt
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Fig. 2. Poincaré section computed from the set of equations
proposed by Wilke et al. with parameters corresponding to Fig. 8c
of their paper with the exception @f, here equal to 0.294.

balance equation (see Deloche et al. [6]) is equivalent
to the assumption of an isotropic diffusion coefficient.
In Eq. (6).b,D./b. andD,,, are consequently strictly
identical. If we suppose a relationship between the lat-
ter andE/ po, thenb, D, /b, presents the same char-
acteristic.

Finally, the coupling of the chemistry of the plasma
with the external current circuit allowg/po to be
expressed in terms of the external voltage:

E 1+ mcoss2t
70 2 X+0005

With the system proposed by Wilke and co-workers,
we computed a Poincaré section (Fig. 2) with the
parameters:.C1 = 2, m = 0.5, C2 = 0.25195 and

2 =2x10"*xf, = 4 wheref, is the frequency of

the electric source. The parameter values are close
to the case of Fig. 8c in the paper by Wilke et al.
The Poincaré section thus obtained corresponds to a
chaotic torus (Fig. 2). Note that a chaotic behavior
structured around a torus is the type of behavior very
often observed in glow discharge experiments, the gas
being helium [1] or neon [7]. The Poincaré section
obtained is not exactly similar to the one computed by
Wilke and co-workers. This is not too relevant since
there is a strong dependence on the initial conditions.
Indeed, the set of Eqgs. (11a)-(11c) defines a non-
autonomous system. In such a case, there exists a
continuum of attractors in the phase space [8]. In other
words, changing the initial conditions is sufficient to
switch from one attractor to another. Since the initial

(14)
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Fig. 3. Bifurcation diagram versus the paramafercomputed for E/n (Td)
the set of Egs. (11a)—(11c) with parameters corresponding to Fig. 8c
of Wilke’s paper with the exception @, here equal to 0.294. Fig. 4. Influence of the reduced electric field on the electron mobility

calculated with Elendif under the conditions used by Wilke et al. [1].

conditions are not provided in the work by Wilke et 3. Animproved model

al., it is rather difficult to recover exactly the same
attractor. The co-existence of many attractors in the . -
phase space is easily exhibited by computing two ©f chemistry, we modified Egs. (11a)—(11c). In par-
bifurcation diagrams versus the parametr, one fucu_lar,_we r_econS|_dered the reac_tlon rate_for P_e_nm_ng
increasing and the other decreasing the parameter. ifionization since th!s process implies non-linearities in
is easily observed that there is a certain range of the the balance equations and, consequently, could be the
C»-parameter for which at least two different attractors €lévant process for generating chaotic behaviors. Fi-
coexist in the phase space (Fig. 3). The important point nally the propagation of electronic waves will be dis-

is therefore to recover a dynamics that is more or less €USsed.

structured around a torus as in the work by Wilke and

In order to explain the chaotic behavior in terms

co-workers. 3.1. Thediffusion
Conversely, if we correct the sign of the diffusion
termin Eq. (3),—C1 becomest-C1, and the dynamics Eq. (2) is used to calculate the ambipolar diffusion

is deeply changed. The behavior is no longer chaotic. coefficient. The ion mobility,, is constant and equal
The trajectory is ejected to infinity. This means that to 045 n?s 1V~1 for values of E/n less than

no stable physical behavior can be obtained and it is 40 Td whereas it depends on the reduced electric field
not possible to recover the mean value of dynamical for higher values ofE/n [12]. In this problem, the
variables as electron and excited atoms concentrationsreduced electric field varies between 10 and 20 Td:
inside the discharge, the existence of a characteristictherefore, we assumed thigt = 0.45 n? s~V ~1,
frequency for the previous variables, the oscillation The electron mobility depends ofA/n over an

of the discharge current in a linear regime for small order of magnitude around 1 Td. We computed its
perturbation amplitude of the voltage.9-{11]. Work- evolution with the help of the Elendif solver allowing
ing with Eqgs. (11a)-(11c) may eventually provide dy- a temporal resolution of the Boltzmann equation [13].
namics quite close to the experimental ones but can- Fig. 4 illustrates the results. For a reduced electric field
not provide any explanation of the underlying physi- varying between 10 and 20 Td, is assumed to be
cal processes. It is therefore necessary to improve theconstant and equal to IFnm?s~1v-1,

description of these processes to attempt a dynamics We have also calculated the mean electron energy
compatible with the observed dynamics. (e.) In order to obtain the parametdd, with the
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classical equation [14]:
10713 L
2(ee)
D, = ——, (15) 0 | ]
3mevy,
wherem, is the electron mass ang, the momentum 0 E 3
transfer collision frequency,, and(e,) are calculated 10" F 3
by Elendif. We obtained,, = 4.5 x 10°s~1 which A T ]
does not depend ofi/n and [15]: T T 7
_______ -
E\ 0317 0" o7 —— 1
(ee) :2.92(—) , (16) E
n 10 B— 4
where (e.) is in eV andE/n in Td. The ambipolar 10" | 1
diffusion coefficient is thus found equal to: — T
10 11 12 13 14 15 16 17 18 19 20
E 0.317 E/n (Td)
Dam =0.912( = (17)
n Fig. 5. Comparison between our rate coefficients (thick lines) and

According to the assumptions by Wilke et al., the those used by Wilke et al. [1] (thin lines) fas (solid), zo,
diffusion of electrons and excited atoms (driven by the (dashed) andoo (long-dashed lines).
metastable one) are taken into account as in Egs. (6)

and (7) withD,, = 0.045 n? s~ [12]. in Eq. (16). Consequently, this underestimation leads
to an overestimation for excitation involving energies
3.2. The chemical reactions less than this mean energy. In the following, we shall

point out this feature systematically. This problem is

The rate coefficients of chemical reactions are also avoided in our case since the Boltzmann equation is
reconsidered. The Elendif solver allows the calcula- Solved by Elendif. We thus use these new results in
tion of the electron energy distribution function. It is the subsequent part of this Letter.
thus possible to compute each rate coefficient for reac- ~ AS far as we know, there is no recent data available
tion under electron impact [15] starting from the most for the calculation of the rate coefficient due to
recent cross sections. stepwise ionization of excited atoms under electron

We used the cross section given by Shah et al. impact. We therefore adopted the form proposed by
[16] for ionization of the fundamental state of He. We Wilke et al. forz.. even if, because of the previous
checked that the result is in good agreement with the Problem mentioned for theedf, the rate coefficient is
calculation based on the cross sections obtained byProbably lower.

Montague et al. [17] and Kim et al. [18]. Upon the Conversely, further information exists for the ion-
interval considered for the reduced electric field, we ization of metastable atoms under electron impact.
thus obtained the relation: For the state He(®S) (19.82 eV from the ground),
56 Dixon et al. [19] measured the cross section which is
2000 = 1.8 1025<_) (18) in good agreement with the calculation by Ivanovskii
n [20]. Raeker et al. [21] developed a model based on

which is quite different from the one previously used. the R-matrix method and obtained values systemati-
In addition, our value is systematically higher than the cally lower than the experimental ones. The experi-
previous one as illustrated in Fig. 5. Despite a pos- mental results are thus considered for the calculation
sible difference in the value of the cross section, the Of zx.(2%S) and lead to:

previous discrepancy probably results from the under- £ 039

estimation of the electrons in tieedf with an energy  z,,,(23S) = 2.3 x 1014<—) . (19)
higher than the ionization limit. Indeed, this energy is n

24.59 eV while the mean energy is lower than 8 eV for Another interest in the work by Raeker et al. is
the electrons in the experimental conditions expressedthat they developed a calculation of the cross section
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for the ionization of the metastable state HER} we obtained:

(20.62 eV from the ground) within the same model. ”g

Since, as far as we know, no experimental result is —87 10—21(§) ' (22)
: . 20a X .

available, such a result may be a good basis for the n

determination of the rate coefficient,.(21S). The

cross section is systematically higher than for the

He(23S) state as already calculated by Vriens [22]

who showed that there exists g23ratio for the

maximum of the cross section. By considering the

ratio at each electron energy between the calculated

cross section and the experimental one for the B8}2

state, by accounting for the shift of the maximum and

the threshold, and by applying this ratio to the case of

He(21S), we obtained after integration over tiesif :

Although this rate coefficient does not take into ac-
count the excitation of levels other than the metastable
ones, note that the previous value f@y, is greater
than the one considered by Wilke et al. over the most
important part of the reduced electric field range.
As previously discussed, the discrepancy may be ex-
plained in terms of estimation @kdf. Moreover, the
calculations done with Elendif show that the mean en-
ergy of the electrons is significantly lower than the ex-
citation energy of the metastable levels from the fun-

£\ 037 damental energy. The contribution of more excited lev-
Zme(21S) =3.8 x 10‘14(—) (20) els tozo, may therefore be neglected. We thus consid-
n ered this value fozg, in the following.

The global rate coefficient,,. is thus obtained by Fig. 5 shows the comparison between our rate co-
[23]: efficients and those used by Wilke et al. A signifi-

1 1 3 3 cant discrepancy is observed: a ratio of 10 can be ob-

Zme = Zme(279n(27S) + zme (27 (2 S). served for specific conditions. Chemistry induces non-

Na linearities in the set of equations as already shown

Although the excitation energy difference between the PY EGs. (112)~(11c). Consequently, the value of the

metastable states is 0.8 eV, the mean electron energyate coefficients can influence significantly the asymp-

is sufficiently high over the range foE/n in this totic behavior. Thus, these new values are used in Sec-
problem to provide a local equilibrium between the tion 3.4. . .

two states. In this case, the density ratio is equal to _ Finally, we discuss the rate coefficient, for

the ratio of their statistical weights, and thus: Penning ionization. Much work has been devoted to
its determination. For ambient temperature, Johnson
Zme(21S) 4 32,0 (239) and Gerardo [25] measureg; = 4.5 x 10 1°m3s~1,
Lme = 4 This value is also used by Shirafuji et al. [26]. Since

Johnson and Gerardo determined this rate coefficient

which is interpolated under the form: from the measurement of the density of the metastable

E 044 atoms, the dissociative recombination ofjHmay be
Zme = 2.4 % 10‘14(—) (21) the origin of an overestimation af,.
" Otherwise, Lee et al. [27] useg = 6.2 x 1016

This rate coefficient is lower than the one considered m3s~1 which is in very good agreement with the value
by Wilke et al. (cf. Fig. 5). Using a similar argumentto determined by Kristian [28]z =7 x 10716 m3s71).
that previously put forward foto~, the discrepancy  Note that these values are lower than the previous
between our results and those obtained by Wilke et ones. Kolokolov and Blagoev [29] have studied the
al. could be explained by an overestimation by these global rate coefficient for simultaneous Penning ef-
authors for these electrons in the distribution function fectand associative ionization for helium for which the
with an energy (in order of 4 eV) less than the mean metastable state involved is known. The global rate co-
value. This explanation does not hold when the cross efficient is about 1014 m3s~1 which is much higher
section is involved. than the previous values fex. The probability for as-
We have also up-dated the value of the rate coeffi- sociative ionization being significantly lower than that
cient zo,. Using the cross section of excitation under for Penning ionization [30], the order of magnitude for
electron impact measured by Mason and Newell [24], z, may be higher than 136-101°m3s~1.
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Table 3 upon the eedf without a direct relation with the
Rate coefficientz, for Penning ionization. The last column gives  external field applied. The latter distribution is double-
the non-dimensional values of denotedp peaked. The corresponding electrons are in fact those

Reference Year zo (Ms™l)  ap=10"1%¢, accelerated by the strong reduced electric field (80 Td
Johnsonetal. [25] 1973 .Bx 1015 0.0261 in order of magnitude in their case) and produce
Kolokolov etal. [29] 1993 1014 0.0579 secondary electrons with less energy by inelastic
Kristian. [28] 1996 7x 10710 0.0041 collisions. The distribution is also unsteady. When
Lee etal. [27] 1997 @ x 10—1; 0.0036 the field decreases, the highest peak moves toward
Lﬂgyr?;tiit[iﬁ]pl] 123718 Z Zi iér_ls gigﬂj higher energy and vanishes. It is important to note that

these results are related to different conditions for the
discharge than in our case: the current (330 mA) is
For low energies, there is little recent information much greater and the pressure lower (0.32 Torr) in a
about the Penning ionization cross section. Experi- gas (neon) for which the ionization limit (21.56 eV)
mentally, over the interval 1§ E < 100 MeV, Neyn- is lower. Thus, theeedf is closer in our case to a
aber et al. [31] have determined the evolution of the Maxwellian one as shown by Elendif: it is therefore
total cross section for Penning and associative ion- Not double-peaked, quasi-steady afdn is much
izations towards the kinetic energy of the collision ~ lower. But the general behavior is the same: the waves
partners. As the associative ionization amounts to 10% are characterized by moving areas whevg: is high
of the total ionization, for the Penning effect these au- and not equal to the external electric field leading

thors deduced the cross section: to the oscillation of the collected |Ight flux. The
Eo\* distribution of E /n is hence spatially periodic.
op(E) = UO(f) (23) Using a Langmuir probe different from that of Ray-
ment and Twiddy, Van Den Berge and Vermeulen [36]
with oo = 112x 10720 m2, Ep = 33 MeV anda = pointed out the periodic behavior in a given location

0.38. We calculated that for 300 K this cross section of the mean electron enerdy,). This parameter is
leads toz, = 1.96 x 1071 m3s™1. More recently,  related to the reduced electric field by Eq. (16). There-
Muller et al. [30] experimentally and theoretically fore E/n behaves identically. As a result, the charac-
investigated this cross section. They proposed the teristics of the total flux intensity mentioned in Sec-
same equation as Eq. (23) but with = 103 x tion 1 are not only due to the oscillation of population
10729 m?, Eo = 33 MeV anda = 0.28. With these  densities for the excited atoms but also to the specific
conditions, we estimated that, should instead be  behavior forE/n.
equal to 179 x 10-15 m3s~1 for 300 K. The main consequence is that uniformity of the
Table 3 sums up the, values available in the  reduced electric field is impossible: electroneutrality
literature. No one value seems to be preferred. The cannot therefore be satisfied. Electrons and ions have

rate coefficient for Penning ionization is thus; = to be separately balanced. This is an additional reason
(5+4) x 1005mis 1, to modify the model by Wilke et al.

In fact, the electron and ion densities are thus
3.3. The propagation of electronic waves related to the gradient of the quasi-static electric field

by Poisson’s equation:

The ionization waves are mainly characterized
by an oscillation of the structure of theedf as AE  (n; —np)e
clearly pointed out by Rayment and Twiddy [3]. Their 75" = T o (24)
experiment was done with neon but all the following
characteristics may be extended to helium as well as wheree is the absolute value of the electron charge and
the other noble gases. Using a fast Langmuir probe, g the permittivity of the vacuum. Consequently, elec-
they showed with time-resolved measurements that trons and ions axially diffuse separately. For electrons,
these waves are related to the crossing of areas wherehe diffusion flux density accounts for the contribution
the electric field is very high and have an influence of the drift due to the electric field and the thermal dif-
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fusion: and(e.) >~ 9 eV. Calculating with Elendif the follow-

o, ing relationship betwee(e,) andE /n for neon:
I, = —n.b.E — Dea— (25)
X

£\ 0-209
while the diffusion flux density related to the ions is  (€e) = 490(;)
reduced to the influence &, the diffusion coefficient

being negligibly small: and assuming that the waves are neither excited

nor damped during their propagation with constant
I =+nibyE. (26) velocity, we thus obtain the value for the gradient of

Very recently Golubovskii et al. developed a kinetic the electric field:

model based upon the Boltzmann equation written un- 9E ~6.5x%x 10°Vm—2

der a form suitable for weak anisotropy to explain the 9x

propagation of the ionization waves in such discharges in good agreement with Eq. (27). Consequently, even

[32,33]. With our approach using Elendif, such as- small deviations from electroneutrality can explain the

Sumptions do not necessarily improve the validity of gradient of the electric field. Our aim in elaborating

the results. Starting from an arbitrary spatially modu- this new model is to identify the main processes

lated profile, they showed that a phase shift appears be-responsible for the behaviors described in Sections 1

tween the maximum of the ionization rate and that of and 2 where the waves could play a very important

the electron density. Such a shift stimulates the propa- role: the assumption of electroneutrality has to be

gation of the waves as a result of non-local effects. By abandoned.

non-local effects, we mean that the local density for ~ The discharge region where it is well known that

electrons as well as all integrals of thedf result not electroneutrality is not fulfilled is near the cathode. For

only from the local value of the reduced electric field helium, the previous orders of magnitude #r, (c.),

but also from the value of its gradient. Eqs (25) and E/n andn. have been measured by Sirghi et al. [37].

(26) show that such a relationship is ensured, the bal- It seems that the electric gradient occurring in an

ance equation forions and electrons (see Egs. (28) andionization wave is similar as gradient observed in the

(30)) accounting for the gradient of their flux density. ~ cathode region. Under the conditions here considered,
The macroscopic scales of the ionization waves are quasi-neutrality is definitely not fulfilled.

significantly larger than the microscopic scales (De-  Finally, we assume that the diffusion toward the

bye lengths). Nevertheless, the departure from quasi-Wall is purely ambipolar. The approach by Wilke et

neutrality as previously claimed must be addressed. al. is thus used.

Indeed, Eqg. (24) allows to justify that quasi-neutrality

is not valid. 3.4. The new set of equations

The common value for the electron density mea- ] ] ) ]
sured in such a dischargeris ~ 10*5-10'6 m=3. As- According to the previous discussion:
suming a departure from neutrality equal ta% only, )
Eq. (24) leads to: e Eq. (6) should be rewritten under the form:
OE ) One L 0 (Cp, 2" 4 L (v

~ - — | —De— —(—n

oo = (220 x 10*Vm @27) ot T ax\ T Peg ) gy (Trebe
that is the order of magnitude calculated by Golu- n A2Dgmne B 145
bovskii et al. [34,35] in the vicinity of the ionization 2 MteZ000 = LA alleZaco

wave front in a neon discharge. On the other hand, 5
Van Den Berge and Vermeulen measured the mean — 145z, =0; (28)
electron energy in moving striations with Langmuir e Eqg. (7) as:

probes [36]. Thus, when a wave front crosses the probe an 52D n
with the speed = 150 ms'1, they obtained: R

+2.9n22, + 1451142,

ot r2
de.) 0
“ ~4x10evs? + 1.451,n42000 — NNe20a = 0; (29)

at
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e and the balance equation for ions as:
2

ani 0 A2Dgmni
— + —(nibpE) + 2 — nnezoeo
ot 0x ro

— 1.45141,2400 — 145022, = 0. (30)

With the variables defined by Eq. (10) and:
=2 (31)
lo

we obtain the new system of equations:

0.317
0X 0 E 0X
— —453x 1072—_ — —
ot 0x n 0x

9 E E 0.317
—0.53—_|:(—)Xi| +5.26<—) X
0x n n

E 5.6 E 0.65
—1.044x 10—6(—> X — 0.227(—> XY
n

n

w =102,
n

—1.45xpY? =0, (32a)

Y 0.44
Pr 0.25% + 2.9apY? + [o.zoz(-)
T n

0.65 2.8
E E

+ 0.227(—) ]XY — 0.0SOE(—) X =0,
n

n
(32b)
E
w +6.37x 10*3i_ [(—) W]
at 0x n

0.317 5.6
E E
+ 5.26(—) W — 1.044x 106(—) X
n n

0.65
- 0.227(_> XY — 1.450pY2 =0, (32¢)
n
d(E/n)
ax
whereE /n is expressed in units of Td.

=7.42x 105(W — X), (32d)

3.5. The boundary conditions

transfer the neutral particles which in turn heat the
electrode. Moreover, they bombard the latter and
produce secondary electrons: the behavior is thus
completely different from that in the positive column
of the discharge for which the model of this Letter has
been elaborated.

The boundary conditions considered are conse-
guently related to the positive column itself and make
no distinction between the electrodes. If the source of
striations is an oscillation of the ions, we may be able
to reveal it by a periodic disturbance of the external
voltage.

The currents calculated at each side of the dis-
charge:

i =nrée(l; — 1)

are therefore identical. We have:

0.317
E X E
i =5.41x 10-‘{(-) = +11.7<—>X
n ax n

E
+ 0.141(—) W]
n x=0
0.317
=541x 10—4[(£> Q + 11.7(£>X
n 0x n

+0.141<§)WL=1, (33)

whereE /n is expressed in units of Td.
Moreover, the balance equation for the external
circuit leads to:

1
E
U=(1+mcos.Qr)=23.8/ (—)d)EJrRi. (34)
n
0

4, Conclusion

We put forward the model elaborated by Wilke et
al. to explain the behavior of a helium glow discharge
for particular conditions where prechaotic and chaotic

For several authors, notably Emeléus and Daly [38] regimes are obvious. We show that this model had
and Loeb [39], it seems that the moving striations to be improved since some physical principles were
may originate when the ions oscillate in a potential not satisfied. Correcting some of them induced, for
minimum near the cathode. In this region, our model example, the change of the sign of the electron
is not valid: indeed, the ions are highly accelerated diffusion term; the first model thus became inoperant
by the electric field in the sheath, heating by charge to properly describe the underlying dynamics.
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We therefore present an improved model which is [13] W.L. Morgan, B.M. Penetrante, Comput. Phys. Commun. 58
mainly based upon the assumption of a separate mo-  (1990) 127.
tion for charged particles and uses an up-dated set 0f[14] L.G.H. Huxley, Atomic and Molecular Processes, Academic
rate coefficients calculated with the help of a solver ﬁressy New ;gr: 1962, Chapter: The motions of slow electrons
to treat the Boltgmann equ?tlo.n' This dlrectl_y_results [15] A.ggi(TtZI,p A. Bourdon, C. Letellier, Modélisation d'une
from the non-uniform electric field characterizing the décharge dans Phelium, UMR CNRS 6614 CORIA, 2002.
moving striations inside the discharge; it is likely that [16] M.B. Shah, D.S. Elliott, P. McCallion, H.B. Gilbody, J. Phys.
these striations cause the chaotic regimes. This new B: At. Mol. Opt. Phys. 21 (1988) 2751.
model is no longer constituted with ordinary differ- [17] R.G. Montague, M.F.A. Harrison, A.C.H. Smith, J. Phys. B:

) . : A . : At. Mol. Opt. Phys. 17 (1984) 3295.
ential equations but with partial differential equations [18] Y.-K. Kim, W.R. Johnson, M.E. Rudd, Phys. Rev. A 61 (2000)

which are much more tricky to integrate. The numer- 034702.
ical investigation of the dynamics generated by this [19] A.J. Dixon, M.F.A. Harrison, A.C.H. Smith, J. Phys. B: At.
new model is therefore postponed for future work. Mol. Phys. 9 (15) (1976) 2617.

[20] A.L. Ivanovskii, Zh. Eksp. Teor. Fiz. 104 (1993) 3928.

[21] A. Raeker, K. Bartschat, R.H.G. Reid, J. Phys. B: At. Mol. Opt.
Phys. 27 (1994) 3129.

[22] L. Vriens, Phys. Lett. 8 (4) (1964) 260.

[23] A. Bultel, P. Vervisch, J. Phys. B: At. Mol. Opt. Phys. 35 (2002)
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