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We investigate the existence of electric field reversal in the negative glow of a dc discharge, its location, the
width of the well trapping the electrons, the slow electrons scattering time, and the trapping time. Based on a
stress-energy tensor analysis we show the inherent instability of the well. We suggest that the Fermi mechanism
is a possible process for pumping out electrons from the trough, interrelated with electrostatic plasma insta-
bilities. A power-law distribution function for trapped electrons is also obtained. Analytical expressions are
derived which can be used to calculate these characteristics from geometrical dimensions and the operational
parameters of the discharge.
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I. INTRODUCTION

The phenomenon of field reversal of the axial electric
field in the negative glow of a dc discharge is of great im-
portance in the physics of gas discharges, since the fraction
of ions returning to the cathode depends on its existence and
location and is related to plasma instabilities. Technological
application of gas discharges, particularly to plasma display
panels and plasma processing, needs better knowledge of the
processes involved. The study of nonlocal phenomena in
electron kinetics of collisional gas discharge plasma has
shown that in the presence of field reversals the bulk elec-
trons in the cathode plasma are clearly separated into two
groups of slow electrons: trapped and free electrons[1].
Trapped electrons give no contribution to the current but
represent the majority of the electron population.

Kolobov and Tsendin[1] have shown that the first field
reversal is located near the end of the negative glow(NG),
near the position(although located slightly to the cathode
side) where ions density attains its greatest magnitude[2]. If
the discharge length has enough extension and the pressure
decrease to lower values, a second field reversal appears on
the boundary between the Faraday dark space and the posi-
tive column(PC) [1,2].

Moreover, Kolobov and Tsendin explained how ions pro-
duced to the left of the first reversal location move to the
cathode by ambipolar diffusion—helping to maintain the
glow by secondary electron emission—and ions generated to
the right of this location drift to the anode.

More recent work[3,4] presenting a comparison of ex-
perimental data and the predictions of a hybrid fluid–Monte
Carlo model also supports the view that the point where the
field is extrapolated to zero is practically coincident with the
maximum of the emission(even whenj /p2 scaling is no
longer valid). Those characteristics were experimentally ob-
served by laser optogalvanic spectroscopy[2]. For a detailed
review see also[5].

Boeuf and Pitchford[6] with a simple fluid model gave an
analytical expression of the field reversal location showing

its dependence solely on the cathode sheath length, the gap
length, and the ionization relaxation length. They obtained as
well the fraction of ions arriving at the cathode and the mag-
nitude of the plasma maximum density.

In the present work we introduce a quite simple dielectri-
clike model of a plasma-sheath system. This approach has
been addressed by other authors[7,8] to explain how the
electrical field inversion occurs at the interface between the
plasma sheath and the beginning of the negative glow. Our
aim is to obtain more information about the fundamental
properties related to field inversion phenomena in the frame
of a dielectric model. A simple analytical dependence is ob-
tained of the axial location where field reversal occurs in
terms of macroscopic parameters. In addition, the magnitude
of the minimum electric field inside the trough, the trapped
well length, and the trapping time of the slow electrons into
the well are obtained. Our model emphasizes in particular
the description of the dielectric behavior and does not con-
template plasma chemistry and plasma-surface interactions.

The analytical results hereby obtained could be useful for
hybrid fluid-particle models(e.g., Fialaet al. [9], Bogaertset
al. [10], Marić et al. [3,4], and Kolobov and Arslanbekov
[11]), since simple criteria can be applied to accurately re-
move electrons from the simulations.

On the grounds of stress-energy tensor considerations the
intrinsic instability of the field reversal sheath is shown. The
slow electrons(carrying most of the current to the anode)
distribution function is obtained assuming the Fermi[12]
mechanism responsible for their acceleration from the trap-
ping well.

II. THEORETICAL MODEL

Lets consider a plasma formed between two parallel-plate
electrodes due to an applied dc electric field. We assume a
planar geometry, but extension to cylindrical geometry is
straightforward. The fields are calculated for a unidimen-
sional system, being perpendicular to the electrodes and
hence neglecting end effects. The applied voltage isVa and
we assume the cathode fall length isl and the negative
glow+eventually the positive column extends over the
length l0, such that the total length isL= l + l0. We have
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− Va = lEs + l0Ep, s1d

whereEs and Ep are, respectively, the electric fields in the
sheath and NG(possibly including the positive column). We
assumed a constant electric field within each region, which is
clearly a rough assumption. Indeed, experimental diagnostics
of the electric field in the cathode fall(CF) region show a
linear behavior(Aston’s law) [13]. However, taking into ac-
count a linear dependence of the electric field in the cathode
sheath results in a decrease of the maximum amplitude of the
electric field by a factor of 2 and does not alter the location
where field reversal takes place.

At the end of the cathode sheath the following boundary
condition by the displacement fieldD must be verified:

n · sDp − Dsd = s, s2d

where s is the surface charge density accumulated at the
boundary surface andn is the normal to the surface. In more
explicit form,

«pEp − «sEs = s. s3d

Here,«s and«p are, respectively, the electrical permittivity of
the sheath and the positive column. We have to solve the
following algebraic system of equations:

l0Ep + lEs = − Va,
s4d

«pEp − «sEs = s.

They give the electric field strength in each region:

Es = −
Va

L
S1 − a +

l0s

Va«s
D 1

1 − la/L
,

Ep = −
Va

L
S1 −

ls

Va«s
D 1

1 − la/L
. s5d

Here, we introduceda=1−«p/«s=vp
2/nen

2 . Recall that in the
dc case the absolute permittivity is given by«p
=«0s1−vp

2/nen
2 d and«s=«0, with vp denoting the plasma fre-

quency andnen the electron-neutral collision frequency in the
negative glow region. In fact, our assumption«s=«0 is
plainly justified, since experiments have shown the occur-
rence of a significant gas heating and a corresponding gas
density reduction in the cathode fall region, mainly due to
symmetric charge exchanges processes which lead to an ef-
ficient conversion of electrical energy to heavy-particle ki-
netic energy and thus to heating[13]. Moreover, the cathode
sheath is relatively empty of electrons.

In particular, notice that Eqs.(5) show the possibility to
sustain a steady-state resonant discharge. Whenevera=1
+ l0s /Va«0 the field can be entirely applied to the plasma
(inductive region) while being zero in the sheath(capacitive
region). On the contrary, ifls /Va«0=1, the inverse is true
(see also[14]).

Two extreme cases can be considered:(i) if vp.nen, im-
plying «p,0, meaning thattcoll.tplasma; i.e., the noncolli-
sional regime prevails;(ii ) vp,nen, «p.0, and then
tcoll.tplasma; i.e., the collisional regime dominates.

From the above Eqs.(5) we estimate that the field inver-
sion should occur for the condition 1−la /L,0, enabling us
to obtain the position on the axis where field inversion
should occur:

l

L
=

nen
2

vp
2 . s6d

Examining again Eqs.(5) we realize that its underlying
reasoning can be generalized introducing a third region(e.g.,
the positive column) and thus giving evidence that at least
another second field reversal region must be present the dis-
charge, this one located at the NG-PC boundary. In fact,
whenever two regions with different characteristic energies
are in contact a double layer should be formed(see[2] and
references therein).

Equation(6) provides a criterion for field reversal: it only
occurs in the noncollisional regime; on the contrary, in the
collisional regime—and to the extent of validity of this
simple model—no field reversal will occurs, since the slow
electron scattering time inside the well is higher than the
well lifetime, and collisions(in particular, coulombian colli-
sions) and trapping become competitive processes. Our re-
sult is consistent with other findings. In fact, a similar con-
dition was obtained in[15] when studying the effect of
electron trapping in ion-wave instability. Likewise, a self-
consistent analytic model[1] has shown that at sufficiently
high pressure(that is, for lDmi / lme, where me and mi are,
respectively, the electron and ion mobilities,lD is a diffusion
length, andl is the distance between the cathode fall distance
and the maximum electron density position), field reversal is
absent. As noted above, the initial assumption of a plasma
formed by two regions in our dielectriclike model does not
allow a direct comparison with Boeuf and Pitchford[6]. In
order to be able to predict the second field reversal, we
should introduce at least a third region—in fact, the positive
column. Moreover, as the electron energy degrades from the
sheath to the bulk plasma, the strongest field reversals should
be expected to be located at the boundary sheath-nearby re-
gion, necessarily the second field reversal being associated
with a weaker electric field reversal. We postpone to a future
work this study. Nevertheless, there is agreement with these
theories in the sense that for higher pressures and therefore a
shorter ratio of the energy relaxation lengths of fast electrons
to the distance between the sheath-plasma boundary and an-
ode, the field reversal position tends to coincide with the end
of the cathode sheath.

Due to the accumulation of slow electrons after a distance
jc=L− l0, real charges accumulate on a surface separating the
cathode fall region from the negative glow. Naturally, polar-
ization charges appear on each side of this surface and a
double layer is formed with a surface charge −s18,0 on the
cathode side ands28 on the anode side. Buts8=sP·nd, P
=«0xeE with «=«0s1+xed, xe denoting the dimensionless
quantity called electric susceptibility. As the electric dis-
placement is the same everywhere, we haveD0=D1=D2.
Thus, the residual(true) surface charge in between is given
by
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s = − s18 + s28. s7d

After a straightforward but lengthy algebraic operation we
obtain

s = «pVa
B

A
, s8d

where

A = LS− 1 +
«0 − «s

«p
D + lS−

«p

«s
+

«s

«p
D s9d

and

B =
«0s«s − «pd

«s«p
. s10d

We can verify thats must be equal to

s = a
Va«0

2l0
. s11d

Considering thats=«0xeE, we obtain the minimum value of
the electric field at the reversal point:

Em =
vp

2

nen
2

Va

2l0xe
. s12d

Here,xe=«rw−1, with «rw designating the relative permit-
tivity of the plasma trapped in the well. From the above
equation we can obtain a more practical expression for the
electrical field at its minimum strength:

Em = −
nep

new

nenw
2

nen
2

Va

2l0
< −

nep

new

Tew

Tep

Va

2l0
. s13d

The magnitude of the reversed electric field depends on
the applied voltage and the length of the negative glowl0.
This also means that without NG there is no place for field
reversal, and the bigger its length, the minor the magnitude
of the reversed electric field. Moreover, the magnitude of the
electric field at this point depends on the density and tem-
perature of trapped electrons. This is consistent with earlier
investigations[16].

The length of the negative glow can be estimated by the
free path lengthl0 of the fastest electrons possessing an en-
ergy equal to the cathode potential fall value eVa:

l0 =E
0

eVa dw

NFswd
. s14d

Here,w is the electron kinetic energy andNFswd is the stop-
ping power. For example, for He,pl0=0.02eVa is estimated
[1] (in cm Torr units, withVa in volts). We denote bynew the
density of trapped electrons and byTew their respective tem-
perature. Altogether,nep and Tep are, respectively, the elec-
tron density and electron temperature in the negative glow
region.

By other side, we can estimate the true surface charge
density accumulated on the interface of the two regions
through the expression

s =
Q

A
= −

nepeADj

A
. s15d

Here, Q is the total charge over the cross sectional area
where the current flows andDj is the full width of the po-
tential well.

The accumulation of charges at the referred interface cre-
ates a double layer, and we can realize that due to the repul-
sive character of Coulombian interactions, negative charges
accumulate at the cathode side and positive charges at the
anode side. It is well known that double layers happen when
there is a sudden jump in the plasma potential[16]. This is
probably the physical mechanism explaining the occurrence
of field reversal in a glow discharge. Moreover, this could
explain why a sudden rise in the concentration of positive
ions is observed immediately after the field inversion loca-
tion and as well why positive ions flowing from the anode to
the cathode are stopped by it. This also explains recent re-
sults obtained through self-consistent hybrid particle-fluid
simulations[3,4] showing evidence of the coincidence of the
point where the field is extrapolated to zero, in excellent
agreement with the maximum of the plasma emissions.
These calculations are consistent with experimental observa-
tion from which a laser optogalvanic signal shows a maxi-
mum, suggesting the electric field attains a maximum[2].

Our simplified assumption of one-dimensional lines of the
electric field imposes necessarily a plane surface for the
double layers. This assumption is good as long as the plasma
potential and wall potential are well balanced. In fact, hot
electrons usually diffuse rapidly to the walls of the chamber,
covering them with a surface charge of negative electrons
and thus distorting the field lines. The initial assumption
could be relaxed, in which case the electric field lines should
also acquire a transversal component. But the basic mecha-
nism remains the same and only the magnitudes of the elec-
tric field in each region should change and not the condition
for occurrence of field reversals.

A. Instability and width of the potential well

From Eqs.(11) and(15) the trapping well width is easily
obtained:

Dj = −
eVa

2ml0nenw
2 . s16d

It is expected that the potential trough should have a charac-
teristic width of the order in between the electron Debye
length slDe=Î«0kTe/nee

2d and the mean scattering length.
Using Eq.(16), in a He plasma, and assumingVa=1 kV, l0
=1 m, and nen=1.853109 s−1 (with Te=0.03 eV) at 1 Torr
sn=3.2231016 cm−3d, we estimate Dj<2.6310−3 cm,
while the Debye length islDe=2.4310−3 cm. So our Eq.
(16) gives a good order of magnitude for the potential width.

Table I presents the set of parameters used to obtain our
estimations. We give in Table II the estimated minimum elec-
tric field inside the well. The first field reversal located at
jc< lNG corresponds to the maximum densitynew@nep
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[6,17]. Thus, the assumed values for the ratio of electron
temperatures and densities of the trapped electrons and elec-
trons on the NG are typical estimates.

To examine the consistency of our model, we compare
with Eq. (56) from Ref. [1] (valueEm

1 presented in Table II).
However, it should be remarked that Kolobov and Tsendin
do not give an explicit expression for the field reversal thin
region and so we have to use ours, together with the data
me=9.63103 cm2 V−1 s−1, mi =10 cm2 V−1 s−1, and Te

s0d

=0.1 eV.
Turner and Hopkins[18] explain the field reversal effect

in a low-pressure rf discharge as due to the collisional drag
force on the electrons advancing into the sheath. They ob-
tained a simple analytical formula with which we also com-
pare our result(Em

2 in Table II). Although their specific as-
sumptions are well adequate for rf-driven plasma, we
calculated the magnitude of the maximum reversed field us-
ing the same set of data for the electron-neutral collision
frequency as used before and assuming the frequency of the
applied voltage,f rf =13.56 MHz. Their formula gives a large
amplitude of the electric field(in reasonable agreement with
space- and time-resolved electric field measurements in He
and H2 [19]). This is possibly related to their assumption of
a steplike electron density leading edge with length equal to
the sheath width, instead of the smaller thin region of length
Dj where indeed in our model the anomaly of field reversal
takes place. Nevertheless, our theory is consistent with these
referred works.

It can be shown that there is no finite configuration of
fields and plasma that can be in equilibrium without some
external stress[20]. Hence this trough is forced to be un-
stable and to burst electrons periodically(or in a chaotic
process), releasing the trapped electrons to the main plasma.
This phenomenon produces a local perturbation in the ion-
ization rate and the electric field, giving rise to ionization
waves(striations). In fact, double layers are known to be at
the onset of instabilities in a plasma[16]. In the next section,

we will calculate the time of trapping with a simple Brown-
ian model.

From Eq.(6) we calculate the cathode fall length for some
gases. For this purpose we took He and H2 data as reference
for atomic and molecular gases, respectively. The agreement
with experimental data collected from[21] is good, with the
exception of Ar. Due to the Ramsauer effect, direct compari-
son is difficult.

In Table III we summarized the comparison of the experi-
mental cathode fall distances to the theoretical prediction, as
given by Eq.(16). Taking into account the limitations of this
model these estimates are well consistent with experimental
data[21].

Of course, besides theoretical models advancing an expla-
nation for this phenomenon, more recently certain numerical
models have succeeded in describing field reversal phenom-
ena and almost a full investigation of the CF-NG boundary
[3,4] since the need to incorporate essential changes with a
self-consistent-field calculation coupling the behavior of all
charged species through the Poisson equation was clear(e.g.,
[13]). The success relies mostly on the way the nonlocality
of electron kinetics is handled, in particular if primary elec-
trons kinetics(containing electrons with high energies, from
10–103 eV) which are responsible for the excitation and ion-
ization processes sustaining the plasma are properly inserted
into the model.

B. Lifetime of a slow electron in the potential well

The trapped electrons most probably diffuse inside the
well with a characteristic time much shorter than the lifetime
of the trough. Trapping can be avoided by Coulomb colli-
sions[15] or by the ion-wave instability, both probably one
outcome of the stress-energy unbalance, as previously men-
tioned. We consider a simple Brownian motion model for the
slow electrons in order to obtain the scattering timet and the
lifetime T of the well. A Fermi-like model[12] will allow us
to obtain the slow electron energy distribution function.

Considering the slow electron jiggling within the well, the
estimated scattering time is

t =
sDjd2

De
. s17d

Here,De is the electron diffusion coefficient at thermal ve-
locities.

TABLE I. Data used forE/p=100 V/cm/Torr. Cross sections
and electron temperatures are taken from Siglo Data base, CPAT
and Kinema Software, http://www.Siglo-Kinema.com

Gas Te (eV) s s10−16 cm2d

Ar 8 4.0

He 35 2.0

O2 6 4.5

N2 4 9.0

H2 8 6.0

TABLE II. Minimum electric field at reversal point and well
width. Conditions: He gas,p=1 Torr, l0=1 cm, Va=1 kV,
Tew/Tep=0.1,new/nep=10.Em, present work;Em

1 , from Ref.[1]; Em
2 ,

from Ref. [18].

Em sV cm−1d Dj (cm) Em
1 sV cm−1d Em

2 sV cm−1d

&−5.0 2.6310−1 −0.31 −44.8

TABLE III. Comparison between theoretical and experimental
cathode fall distances atp=1 Torr, E/p=100 V/cm/Torr. Experi-
mental data are collected from Ref.[21] (with kind of cathode
material).

Gas jc
theor (cm) jc

expt (cm)

Ar 7.40 0.29(Al )

He 1.32 1.32(Al )

H2 0.80 0.80(Cu)

N2 0.45 0.31(Al )

Ne 0.80 0.64(Al )

O2 0.30 0.24(Al )
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The fluctuations arising in the plasma are due to the
breaking of the well and we can estimate the amplitude of
the fluctuating field by means of Eq.(13). We obtain

dEm =
nep

new

nenw
2

nen
2

Va

el0
2Dj. s18d

Meanwhile, we introduce for convenience the following adi-
mensional variable:

Ec =
dEm

Em
=

Dj

l0
. s19d

In the next section, the concept of the Fermi mechanism will
be incorporated into the present problem, allowing the exact
treatment of trapped electrons kinetics.

C. Power-law slow electron distribution function

As slow electrons are confined by field reversal effects,
some process must be at work to pull them out from the well.
We attempt to explain this phenomenon suggesting that fluc-
tuations of the electric field in the plasma(with order of
magnitude ofEc) act over electrons, giving energy to the
slow ones, which collide with those irregularities in the same
manner as with heavy particles. From this mechanism a gain
of energy results as well a loss. This model was first ad-
vanced by Fermi[12] when developing a theory of the origin
of cosmic radiation. We shall focus now on the rate at which
energy is acquired.

The average energy gain per collision by the trapped elec-
trons (in order of magnitude) is given by

Dw = Ūwstd, s20d

with Ū>Ec
2 and wherew is their kinetic energy. AfterN

collisions the electrons energy will be

wstd = «t expS Ūt

t
D , s21d

with «t being their thermal energy, typical of slow electrons.
The time between scattering collisions is denoted byt.

Assuming a Poisson distributionPstd for electrons escaping
from the trapping well, then we state

Pstd = exps− t/tddt/T. s22d

The probability distribution of the energy gained is a func-
tion of one random variable(the energy), such as

fwswddw= Phw , w̄ , w + dwj. s23d

This densityfwswd can be determined in terms of the density
Pstd. Denoting by t1=T the real root of the equationw
=wst1=Td, it can be readily shown that slow electrons obey
in fact the power-law distribution function

fwswddw=
t

ŪT
«t

t/ŪT dw

w1+t/ŪT
. s24d

Like many man-made and naturally occurring phenomena
(e.g., earthquake magnitude, distribution of income), it is ex-
pected that the trapped electron distribution function is a
power law [see Eq.(24)], and hence 1+t /Ec

2T=n, with n
=2–4 as areasonable guess. Therefore, we estimate the trap-
ping time to be of the order

T <
t

Ec
2n

. s25d

In Table IV we summarize scattering and trapping times
for a few gases.

Figure 1 shows the slow electron distribution function
pumped out from the well applied for two cases: Ar(solid
curve) and N2 (dashed curve). A power exponentn=2 was
chosen. Those distributions show that the higher confining
time is associated with fewer slow electrons present in the
well. When the width of the well increases(from the solid to
dashed curve) the scattering time becomes longer and as well
the confining time—due to a decrease of the relative number
of slow electrons per given energy. This mechanism of
pumping slow(trapped) electrons out of from the well can
possibly explain the generation of electrostatic plasma insta-
bilities.

Note that the trapping time is, in fact, proportional to the
length of the NG and inversely proportional to the electrons
diffusion coefficient at thermal energies:

TABLE IV. Scattering time and trapping time in the well. The parameters areE/N=100 Td,Tg=300 K,
Va=1 kV, andl0=0.1 m.

Gas De scm2 s−1da nenw ss−1db Dj (cm) t (s) T (s)

Ar 2.523106 8.103109 1.34310−3 7.10310−13 3.97310−5

He 5.993106 2.393109 1.54310−2 3.95310−11 1.70310−5

N2 6.113105 6.153109 2.32310−3 8.81310−12 1.64310−4

CO2 1.703106 3.603109 6.78310−3 2.70310−11 5.90310−5

aData obtained through resolution of the homogeneous electron Boltzmann equation with two term expansion
of the distribution function in spherical harmonics[23].
bSame remark as in footnote a.
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T <
l0
2

De
. s26d

The survival frequency of trapped electrons isnt=1/T. As
the electron diffusion coefficient is typically higher in atomic
gases, it is natural to expect plasma instabilities and waves
with higher frequencies in atomic gases. This result is in
agreement with a kinetic analysis of instabilities in micro-
wave discharges(see, for example,[22]). In addition, the
length of the NG will influence the magnitude of the fre-
quencies registered by the instabilities, since wavelengths
have more or less space to build up. To our best knowledge
these findings are knew. Table IV summarizes the previous
results for some atomic and molecular gases. The transport
parameters used therefore were calculated by solving the

electron Boltzmann equation, under the two-term approxima-
tion, in a steady-state Townsend discharge[23].

III. CONCLUSION

In summary, we have shown in the framework of a simple
dielectric model that the magnitude of the minimum electric
field (on the edge of the negative glow) depends directly on
the applied voltage and is inversely proportional to the NG
length.

The width of the well trapping the slow electrons is di-
rectly dependent on the applied electric field and is inversely
proportional to the square of the electron-neutral collision
frequency for slow electrons. It is, as well, inversely propor-
tional to the NG length and has typically the extension of a
Debye length. We state that for typical conditions of a low-
pressure glow discharge, field reversal occurs whenever
vp.nen, due to a lack of collisions necessary to pump out
electrons from the well. The essence of this approach leads
to the conclusion that field reversal occurs naturally at the
boundary of two different regions of a glow discharge.
Hence, whenever conditions to occur are verified, it should
be present in a glow discharge at least two field reversals.
Furthermore, the analytical expressions obtained for the scat-
tering and trapping time of the slow electrons could be useful
in self-consistent hybrid fluid-particle plasma modeling. A
shortcoming of the above-expounded theory is its inability to
give the exact location of the second field reversal. But this
inability is compensated by a deeper understanding of the
physical mechanism.
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