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Abstract. This paper reports investigations of argon glow discharges established between flat disk elec-
trodes, at pressure × electrode separation values between 45 Pa cm and 150 Pa cm. Parallel to the ex-
perimental studies the discharge is also described by a self-consistent hybrid model. The model uses as
input data the measured electrical characteristics, this way making it possible to determine the apparent
secondary electron emission coefficient. The model is verified through comparison of the measured and
calculated spatial profiles of light emission, which are in good agreement for a wide range of conditions
in the abnormal glow mode. Additionally, we investigate the dependence of the field reversal position on
the discharge conditions and test the usual assumption that the position of the peak of emission closely
coincides with the cathode fall – negative glow boundary.

PACS. 51.50.+v Electrical properties (ionization, breakdown, electron and ion mobility, etc.) –
52.65.-y Plasma simulation – 52.80.Hc Glow; corona

1 Introduction

Townsend’s theory of low pressure breakdown and low
current dark discharges has recently been revised to in-
clude space charge effects [1,2] and feedback mechanisms
other than production of electrons by ion impact at the
cathode [3]. Careful and well defined measurements in the
dark Townsend regime [4–9] led to re-analysis of the role
of different (surface and gas-phase) elementary processes
in electron/ion production in gas breakdown and in the
maintenance of self-sustained discharges. In particular it
has been established that the secondary electron yield at
the surface of the cathode depends on the mean energy of
ions hitting the surface. The ion energy is affected by the
external voltage, by the local reduced electric field E/n
(where E is the electric field and n is the gas number den-
sity) and also by the current which leads to a perturbation
of the field mostly in front of the cathode. It has also been
shown that this weak dependence of the secondary yield
on the space charge perturbation to the field, associated
with the strong dependence of the ionization coefficient
on E/n near the operating point, causes the negative dif-
ferential resistance that has been observed in low-current
Townsend discharges [1]. Extension of Townsend’s the-
ory developed on the basis of local-field approximation by
Phelps and coworkers [1,2] was shown to be quite success-
ful and it gave a good agreement with the experimental
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results for field distributions (based on the local field ap-
proximation) [10].

On the other hand it was found that, at least for the
case of argon, a large number of processes participate in
secondary electron production at the cathode (see [3] and
references therein). As a matter of fact ions dominate in
a very narrow range of conditions i.e. only for moderately
high E/n. Thus a new series of measurements of the break-
down conditions that may be analyzed by including the
new understanding of the processes on the cathode and of
the non-equilibrium effects near the cathode [11] has been
undertaken to provide the basis for the re-analysis of the
secondary electron yield data [11–14]. Phelps and Petrović
have shown [3] that application of the secondary electron
yield data obtained by ion beams under high vacuum con-
ditions for gas discharge modeling is not appropriate, even
though most of the modeling of collisional plasmas and
gas discharges is based on the ion beam data whereby a
constant value of typically 0.08 for argon [15] is assumed.

At the same time significant advances in discharge
modeling have been made in the past 10 years especially
with the development of hybrid codes that combine the ki-
netic simulation of fast electrons with the computationally
effective fluid treatment of slow electrons and ions [16–20].
Hybrid models are able to deal with the spatial non-
locality of the electron transport in the cathode sheath and
have provided important information about the phenom-
ena taking place in a wide variety of discharges [16–21].
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The need for secondary yield values for modeling is
due to the fact that with the knowledge of γ the electrical
characteristics of the discharge can be calculated. Hybrid
codes, usually assuming a constant value for γ, have suc-
cessfully been applied in studies of glow discharges [16–21].
In order to further improve the accuracy of these mod-
els it was justified to address the question whether ap-
plication of secondary electron yields obtained for low-
current discharge conditions (i.e. homogeneous field) [3]
would yield satisfactory results in the region of the nor-
mal (constricted) glow and abnormal (high current dif-
fuse) glow. This test, however, resulted in non-physical
behavior of the electrical characteristics (negative differ-
ential resistance in the abnormal glow mode) [22] – mainly
caused by a different combination and properties of dif-
ferent feedback mechanisms resulting from significantly
different field and space charge distributions. Further on,
using energy-dependent secondary yield values for argon
ions and fast atoms, the apparent γ has recently been de-
rived for cathode-fall conditions, from a heavy-particle hy-
brid model [23]. The γ values obtained in this study have
been found to be significantly lower compared to the case
of the homogeneous field [3] and to change remarkably
with changing discharge conditions. This implies that it is
generally difficult to prescribe a certain value of γ which
describes the discharge correctly for a wide range of oper-
ating conditions. As an alternative approach – due to the
lack of reliable experimental secondary yield values for dif-
ferent gas – cathode material combinations –, γ has been
used as a fitting parameter in some of the recent model-
ing studies, it has been adjusted at the different discharge
conditions to match the calculated electrical characteris-
tics with the experimental ones [24,25].

All the dc and low frequency glow discharges oper-
ate under conditions when secondary electron production
at the cathode surface is the key mechanism in discharge
maintenance. At the same time practical rf plasmas [26]
are used under conditions where high power operation
requires predominance of the secondary electron produc-
tion at the surface of the temporary cathode. Thus it is
our motivation to extend the understanding of secondary
electron production to high current non-equilibrium dis-
charges such as the abnormal glow.

Both from the point of view of deeper understanding
of the physics of gas discharges and from the point of view
of their applications there is a strong need for the develop-
ment of accurate discharge models. At the same time the
verification of the models – which is also highly desirable
– can be done only on the basis on reliable experimen-
tal data. Therefore, in this paper, besides presenting the
results of modeling calculations, we make comparison be-
tween experimental and calculated axial profiles of emis-
sion which provide detailed understanding of the anatomy
of the discharge [5,10,27,28].

The paper is structured as follows. Section 2 describes
the experimental set-up, while the simulation model is
outlined in Section 3. Section 4 presents the experimental
and modeling results, and their comparison. Our work is
summarized in Section 5.
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Fig. 1. Simplified schematics of the experimental set-up and
the electrical circuit.

2 Experimental

The schematics of the experimental set-up is shown in Fig-
ure 1. The discharge vessel used in our experiment consists
of parallel plane electrodes tightly fitting inside a quartz
cylinder which prevents long-path breakdown. The cath-
ode (C) is made of copper and the anode (A) of quartz
with a transparent yet conductive thin film of platinum
deposited on top of it. The diameter of the electrodes is
5.4 cm. The distance between the two electrodes may be
adjusted by fixed electrode supports but in this experi-
ment we keep the distance at d = 1.1 cm.

The system is pumped down to a base pressure of be-
low 10−6 torr and a very small flow of gas (argon in this
case) is used to reduce the accumulation of impurities.
Prior to the measurements, the surface of the cathode is
treated by a relatively high current discharge in hydro-
gen (30 µA) until a stable breakdown voltage is achieved
(approximately 30 minutes).

Our system has a facility (see Fig. 1) for producing
a pulse of current in addition to a very small dc cur-
rent [8,10]. The dc current is used to reduce the breakdown
delay time, and is as small as possible (typically 1–2 µA)
in order to reduce heating and conditioning of the cath-
ode during the measurements. The voltage is measured by
two probes, one at the cathode and the other in the anode
circuit. The second probe is used only when a relatively
high monitoring resistor is connected into the low-voltage
anode circuit to determine the current. Pulses of higher
current last usually only long enough (τ = 2 ms) to make
a reliable recording of voltage and current transients. For
the recordings of the axial intensity profiles the length of
the pulse is somewhat extended (τ = 10 ms) so that the
emission profiles recorded by the CCD camera correspond
to the conditions of the pulse, not to the dc current.

Recordings of axial and radial emission profiles are
made by a cooled CCD camera (type: Electrim EDC1000)
sensitive mostly in the red part of the spectrum. While we
do not measure absolute values of the intensity, relative re-
lationships between the emission profiles at different cur-
rents are established by making recordings under identical
conditions for two different openings of the aperture. Thus
we can be sure that saturation of the recorded emission
signal is not reached.

Measurements are made in pure argon at pressure (p)×
gap (d) products of pd = 150 Pa cm, 75 Pa cm and
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45 Pa cm (corresponding approximately to pressures of
1 torr, 0.5 torr and 0.3 torr). Besides the measurement
of the volt-ampere characteristics of the discharges and
the axial emission profiles we also measure radial profiles
of emission through the transparent anode to obtain in-
formation about the radial structure of the discharge.

3 Hybrid model

Our one-dimensional hybrid model combines fluid descrip-
tion of positive ions and slow electrons with Monte Carlo
(MC) simulation of fast electrons [16–20]. The fluid model
is based on the continuity equations and the Poisson equa-
tion:

∂ne(i)

∂t
+

∂(ne(i)ve(i))
∂x

= Se(i), (1)

∆V = − e

ε0
(ni − ne), (2)

where ne(i) are the densities, ve(i) are the mean velocities,
and Se(i) are the source functions of the slow electrons and
ions, respectively, V is the electrostatic potential, e is the
elementary charge, and ε0 is the permittivity of free space.
The space charge created by the fast electrons – being
several orders of magnitude smaller than that created by
the slow electrons – is neglected in (2). The mean velocities
are calculated from the momentum transfer equations:

Φe(i) = ne(i)ve(i) = sne(i)µe(i)E − ∂(ne(i)De(i))
∂x

, (3)

where s = −1 for electrons and s = 1 for ions, µe(i) and
De(i) are the mobility and diffusion coefficients of electrons
(ions) and Φe(i) are the corresponding fluxes. The mobility
of electrons in argon is µe = 3 × 105/p cm2 V−1 s−1 (p is
given in torr) [29], the mobility of the argon ions is taken
from [3]. The diffusion coefficient of electrons is chosen to
be De = kTeµe with kTe = 0.1 eV characteristic energy as-
signed to the slow electron group. The diffusion coefficient
of argon ions in argon is Di = kTiµi with kTi = 0.026 eV
(corresponding to a gas temperature of 300 K).

The sources of ions and slow electrons are calculated
from the MC simulation, which traces the fast electrons. In
our calculation we take into account the elastic scattering
of electrons from argon atoms, electron impact excitation
and ionization of argon atoms. The cross-sections of these
elementary processes are taken from reference [30]. The
ionization source function Si(x) is accumulated from the
individual ionization processes. The electrons are trans-
ferred to the slow electron group (through the Se(x) source
function) when their (kinetic + potential) energy falls be-
low the excitation energy of the argon atoms.

After completing the MC simulation cycle the ion and
slow electron source functions, Se(x) and Si(x), which
serve as the input to the next fluid cycle, are normal-
ized by the actual value of the current I (calculated in the
previous fluid cycle):

S(x) =
I

e(1 + 1/γ)∆Vx

Nx

N0
, (4)

where N0 is the number of primary electrons emitted from
the cathode in the simulation, Nx is the number of ions
(slow electrons) created in a cell of ∆Vx volume around x,
and γ is the apparent secondary electron yield.

The fluid equations are solved on a uniform grid con-
taining 200 points. The boundary conditions at the walls
are zero density of particles and prescribed values of the
potential (zero at the cathode and V at the anode). The
fluid equations are solved using an implicit integration
scheme [16] with a typical integration time step of the
order of 10 ns.

The apparent secondary electron emission coefficient
is taken as a variable (fitting) parameter. In the iterative
solution of the fluid and MC models γ is adjusted “auto-
matically” to obtain a current density converging to the
experimental value [24,25]. In the simulations we neglect
the heating of the gas and recombination processes, justi-
fied by the low electrical input power to the discharge and
by the low pressure, respectively. On the other hand, we
include the backscattering of electrons from the anode,
with a reflection coefficient of 0.4 [31], and a fractional
energy loss of 0.5 [32].

In our calculations we assume that the spatial distri-
bution of the light intensity is proportional to the (total)
electron impact excitation rate, calculated from the fast-
electron Monte Carlo model. Our method of calculation is
justified by studies of plane-cathode Ar glow discharges,
based on a hybrid + collisional-radiative model [33], which
have shown that the majority of spectral lines (excited by
electron impact) exhibit very similar spatial intensity dis-
tribution.

More details about the simulation procedures can be
found in e.g. [24,25].

4 Experimental and theoretical data
and their comparisons

4.1 Experimental results

The volt-ampere characteristics of the discharges at dif-
ferent pd values are shown in Figures 2a–2c. The data are
in good agreement with the earlier measurements of volt-
ampere characteristics at lower currents and with the mea-
surements of negative differential resistances [2,6,8]. The
different symbols in Figures 2a–2c correspond to different
values of resistances in the external electrical circuit (see
Fig. 1). At all three values of pd the volt-ampere curves
exhibit a negative slope at low currents. Having passed the
minimum maintaining voltage there is a distinct growth of
voltage with the current, corresponding to the abnormal
(high current diffuse) glow regime. Even though there have
been small fluctuations of the dc breakdown voltage, the
volt-ampere characteristics – shown as the difference of the
actual discharge voltage and the voltage measured at low
current (breakdown limit) – are in excellent agreement
from one data set to another and have been reproducible
throughout the period of measurements.

The spatial profiles of emission at lower currents, cov-
ering the Townsend’s (low current diffuse) regime have
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Fig. 2. Volt-ampere characteristics for low current discharges
in argon for different values of pd: (a) 150 Pa cm, (b) 75 Pa cm,
and (c) 45 Pa cm, at d = 1.1 cm. The different symbols repre-
sent different values of the circuit impedances Rs and Rm (see
Fig. 1), Vb denotes the breakdown potential. The plots show
the difference of the actual discharge voltage and the break-
down (low current limit) voltage, allowing small variations of
the breakdown voltage due to conditioning of the cathode sur-
face during the experiment.

been studied in our previous papers [10,34]. These profiles
clearly exhibit an exponential growth at very low currents.
At somewhat higher currents below the transition to the
normal (constricted) glow the growth can be described by
a gradually changing exponent. It has even been possible
to apply the local field approximation and to obtain the
spatial profile of field from the well known dependence of
the ionization coefficient on E/n [10]. In this paper (see
Figs. 3a–3c) we start from higher currents at the beginning
of the normal glow (≈100 µA). At the lowest currents con-
cerned here we observe a continuous growth of emission
towards the anode. As the current increases the peak of
emission gradually moves away from the anode, while the
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Fig. 3. Axial profiles of emission for three different values of
pd: (a) 150 Pa cm, (b) 75 Pa cm, and (c) 45 Pa cm. The cathode
is situated at x = 0 and the anode position is x = 1.1 cm.

peak intensity increases. Especially at the highest pressure
(Fig. 3a), the ionization coefficient drops down towards
the anode, while at the lowest pressure (Fig. 3c) there is
a distinct non-equilibrium region without the growth of
emission, close to the cathode.

Assuming that the position of the emission peak
matches the position of the cathode sheath – negative
glow boundary, the present data allow us to determine
the length of the cathode sheath and to establish its de-
pendence on current and pressure.

It is noted that measurements performed for the same
current at two different circuit impedances are in excel-
lent agreement both in terms of volt-ampere characteris-
tics and in terms of spatial emission profiles.
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4.2 Modeling results

The values of the apparent secondary yield γ (deter-
mined by the fitting procedure described in Sect. 3) are
shown in Figure 4 for all pd values investigated. Figure 4
also shows the secondary yield values obtained by Phelps
and Petrović [3] for homogeneous field, as well as the γ
values calculated by Donkó [23] for cathode-fall condi-
tions. These latter calculations of γ (based on the flux-
energy distributions of heavy particles obtained from a
one-dimensional heavy-particle hybrid model) have shown
that (i) the apparent secondary yield is a function of the
reduced electric field at the cathode, (E/n)c, and can be
given as γ ≈ 0.01(E/n)0.6

c in the 3–20 kTd range of (E/n)c
(1 Td = 10−17 V cm2) and that (ii) the results show lit-
tle sensitivity on the pressure × electrode gap product
[23]. The functional relation given above has also been
confirmed to hold at even higher (E/n)c values by sub-
sequent simulations of Bogaerts and Gijbels of an argon
discharge in an analytical glow discharge cell [35].

Apart from the ion-induced electron emission from the
cathode, the heavy-particle hybrid models also include
fast atom-initiated electron emission from the cathode
and production of ions by fast ion/atom + Ar atom col-
lisions (heavy-particle ionization). Although the relative
amount of ionization by heavy particles is relatively small,
this additional ionization source is still important as the
ionization occurs mainly near the cathode, and the elec-
trons created in these processes behave almost like the
electrons emitted from the cathode (i.e. they give rise to
avalanches). Neglecting these processes – like it is done in
electron-ion hybrid models – a decreased ionization rate
and consequently a smaller current is obtained at fixed
voltage [23]. Thus, in an electron-ion hybrid model a some-
what higher γ has to be used to reproduce the electrical
characteristics calculated by the heavy-particle model.

The present data show excellent agreement at high
(E/n)c (i.e. at low pd) with the earlier values of γ calcu-
lated from an electron-ion hybrid model, as it can be seen
in Figure 4. While the earlier calculations show that in the
low (E/n)c limit the calculated γ [23] approaches the re-
sults of Phelps and Petrović [3], the data determined from
the present measurements of the electrical characteristics
are higher than this, in the low (E/n)c limit we find now
γ ≈ 0.03. Such a difference is acceptable as the secondary
electron emission coefficient and the relative importance of
different surface processes contributing to electron emis-
sion depend strongly on the surface conditions of the cath-
ode [3,36]. In the present experiment special care has been
taken to make the measurements reproducible by a stan-
dard procedure of pre-measurement conditioning of the
cathode. However, the cathode conditions obtained this
way may not be the same as those in other experiments.
The calculations in [23] have been carried out for cath-
ode surfaces under “laboratory conditions” (or “dirty”
surfaces as compared to ultra-high vacuum conditions).
The differences found here may be due to a cleaner cath-
ode surface in the present measurements compared to that
in some other experiments. Finally we note that at high
(E/n)c our data lie well below the apparent γ values for
homogeneous field (low current Townsend, or breakdown)
conditions [3], in agreement with the findings of [23].

The spatial profiles of the electric field, ion density as
well as electron density are plotted in Figures 5a and 5b
(for 150 Pa cm) and in Figures 6a and 6b (for 45 Pa cm).
For almost all discharge conditions we find a linear de-
cay of the electric field in the cathode sheath, except at
the lower values of the current, at the higher pd value
(150 Pa cm). In this range of discharge conditions we
are in, or near the normal glow mode, where the two-
dimensional structure of the discharge is important and
thus our one-dimensional model does not describe the dis-
charge accurately. For these conditions the electron and
ion density profiles are also unusual, we either do not ob-
serve the accumulation of ions at the anode side of the dis-
charge at all, or the ion space charge in this region is below
that found in the cathode sheath. At the lower pd value
(45 Pa cm), we observe the usual density profiles as shown
in Figure 6b. The ion density in the sheath is in the order
of 4–8 × 108 cm−3 and the density in the negative glow
rises up to 4 × 1010 cm−3 at the highest current. The den-
sity of electrons is appreciable only in the negative glow,
in that region the electron density is nearly equal to the
ion density. The electron density rises sharply at the cath-
ode sheath – negative glow boundary. This is explained by
the fact that the negative space charge is made up of slow
electrons which accumulate in the potential well formed
in the negative glow region and they cannot diffuse back
to the cathode sheath due to the increasing electric field
towards the sheath.

The reversal of the electric field can clearly be observed
within the abnormal glow operating conditions: at a cer-
tain position in the negative glow the electric field changes
sign and tends to confine the electrons in the negative glow
plasma meanwhile driving some of the ions towards the
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Fig. 5. Calculated discharge characteristics for pd = 150 Pa cm
at different discharge currents: (a) electric field distribution,
(b) ion density (lines + symbols) and electron density (lines).

anode. According to the simple analytical model of Boeuf
and Pitchford [37] the position of the field reversal, df de-
pends only on the electrode distance d, the length of the
cathode sheath dc and the energy relaxation length of the
fast electrons λ:

df − dc

d − dc
= −Λ ln

[
Λ(1 − e−1/Λ)

]
(5)

where Λ = λ/(d − dc).
In [37] it has been shown that at small relaxation

lengths (when the electrode gap is much larger than the
length of the sheath) the field reversal position is close to
the sheath-glow boundary. At longer relaxation lengths of
the fast electrons, i.e. towards the obstructed discharge
mode, the field reversal point moves towards the mid-
position between the sheath-glow boundary and the an-
ode. In Figure 7 we compare the analytical results for the
field reversal position (5) with our hybrid modeling data.
The energy relaxation length of the electrons have been
determined from the decay of the calculated excitation
rate beyond the peak intensity of the negative glow. The
field reversal positions obtained from the hybrid model are
in excellent agreement with the predictions of the model of
Boeuf and Pitchford. The data clearly show the shift of df

towards the anode as pd decreases. It is interesting to note
that λ/(d − dc) is nearly constant at a constant pd and df

changes slightly with changing current (and voltage).
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Fig. 6. Calculated discharge characteristics for pd = 45 Pa cm
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4.3 Axial emission profiles

The critical comparison of the experimental and theoret-
ical data may be obtained from the axial profiles of emis-
sion. Since our experimental intensity data are not abso-
lute values, we normalize the calculated and experimental
data at one pair of current and pressure values and com-
pare the ratios of all other profiles.
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The comparison of the measured and calculated inten-
sity distributions for selected values of currents and for
three values of pd are presented in Figures 8a–8c. In all
cases shown there is an excellent agreement between the
measured and calculated profiles both in terms of shape
and relative magnitude of the negative glow. Correspond-
ingly, the peaks of emission agree very well and so does the
dependence of the position of the peak with the current.
We also reproduce broadening and skewing of the nega-
tive glow as the pressure is decreased. Showing more than
four different currents per graph would make it impossible
to compare the data but the agreement is equally good in
all cases, except for high pd, low-current conditions (see
later). The relatively low intensity signal in the cathode
fall region may originate from heavy-particle excitation of
spectral lines (see e.g. [28]), and it is not reproduced by
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Fig. 9. Experimental (- - - -) and calculated (——) axial pro-
files of emission for three different currents at pd = 150 Pa cm.
One higher and two lower currents are shown here to illustrate
the discrepancy occurring in the constricted regime.

the calculations as such processes are not included in the
present model.

The only set of conditions when the agreement be-
tween the measured and calculated distributions is less
perfect is at pd = 150 Pa cm (i.e. at the highest pres-
sure) and at the lower currents covered here, where we
have a disagreement in magnitudes of emission peaks up
to a factor of two. This is shown in Figure 9, for two val-
ues of current together with one higher value of current
for comparison. Such discrepancy does not occur for other
pressures even at the lowest currents. The explanation for
this disagreement may be reached by considering the fact
that the currents where the discrepancy occurs are at the
edge of the normal glow region. Thus one may expect that
at such high pressure the constriction of the discharge is
significant. Correspondingly, our one-dimensional model
fails to represent the actual field distribution, and conse-
quently the emission rates which are very sensitive to the
electron energy are affected considerably. The same ar-
gument may be used to explain the charged particle and
field profiles under the same conditions (see Fig. 5). The
observations made through the transparent electrode in-
deed confirm that for the currents where discrepancy be-
tween the measured and calculated axial profiles occurs, a
marked constriction is observed, where the discharge cov-
ers less than 50% of the cathode area. At lower pressures
the constriction is not so pronounced so the discharge is
more “one-dimensional” even at low currents and thus
our one-dimensional model describes the discharge more
accurately.

4.4 The thickness of the cathode fall

Finally we address the issue of the width of the cathode
fall region. It is often assumed that the position of the
maximum of emission corresponds to the edge of the cath-
ode fall. The argument is based on a simple consideration
of the electron energy and multiplication kinetics, that
may not be accurate under the entire range of realistic
conditions. In the following we compare (i) the position
of the emission maxima in the experiment, (ii) the theo-
retical emission maxima calculated from the Monte Carlo
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Fig. 10. Width of the cathode sheath (dc) determined from
the experimental and simulated profiles as well as from the
axial field distribution. The dashed line indicates a scaling of
pdc with the reduced discharge current I/p2.

simulation and (iii) the position of the cathode sheath –
negative glow boundary as obtained from a linear extrap-
olation of the calculated electric field to zero value. The
results for all the discharge conditions covered here are
plotted in Figure 10.

The experimental position of the emission peak, the
theoretical emission peak and the width of the cathode
fall extrapolated from the field distribution, for the three
pd values are in a very good agreement, that is well within
the experimental uncertainty of the position. One should
bear in mind that initially there was a systematic shift of
emission peaks of much less than 0.1 cm which has been
corrected by normalizing the positions of the two maxima
at one pd and one current. This correction, which is within
the experimental uncertainty in establishing the positions
of the electrodes, has been sufficient to bring all the data
into excellent agreement.

While the thickness of the cathode fall, as given by
the field profile, is close to that determined from the peak
of excitation, it is systematically higher by approximately
0.02 cm. This difference is, however, well within the exper-
imental uncertainty (and possibly within the uncertainty
of the interpolation of the sheath electric field to zero).
Nevertheless, the systematic difference exists and may be
significant under some circumstances.

Considering all pd values, the length of the cathode
sheath dc closely follows the scaling relation

pdc ∝ (I/p2)−0.26, (6)

as shown in Figure 10. This behavior is very similar to
that found earlier for an Ar discharge with a copper
cathode mounted inside a six-way metal cross that it-
self served as anode [28] (where the scaling exponent was
found to be −0.2).

5 Conclusion

The volt-ampere characteristics and axial light emission
profiles of argon glow discharges in the normal and ab-
normal mode, between plane-parallel electrodes have been
investigated experimentally. Using the experimental elec-
trical data the discharge has been described by a one-
dimensional hybrid model, which made it possible to cal-
culate the spatial distribution of light intensity (related
to the electron impact excitation rate) allowing detailed
comparison with the experimental data.

We have obtained excellent agreement between the ex-
perimental data and the results of the simulations in terms
of the axial emission profiles. Such a comparison of spa-
tially resolved data is a strong test of the applicability of
the model. The model also made it possible to determine
the apparent secondary electron yield in the discharges for
a wide range of operating conditions. The apparent elec-
tron yield data as a function of the reduced electric field
at the cathode agree reasonably with previous values of γ,
obtained in a different way [23]. The apparent γ has been
found to change by a factor of 2 for the discharge con-
ditions covered here. Thus our procedure to modify γ to
match the experimental and calculated volt-ampere curves
is expected to give a more accurate description of the dis-
charge, compared to any model that uses a pre-defined
constant value for γ.

The only mismatch between the axial profiles that we
have found occurs for the highest pd value where con-
striction of the discharge is significant at low currents,
and may be associated with the one-dimensional nature
of the model. At even higher pd values the constrictions
will be even more pronounced and one may have to use a
two-dimensional model for an accurate description of the
discharge.

The position of the electric field reversal is found to be
in excellent agreement with the predictions of the simple
analytical model of Boeuf and Pitchford [37]. In addition
to the more extensive comparisons of the hybrid model
with experimental data and the analysis of the secondary
electron yields, the present data give strong support to the
usual assumption that the position of the peak of emission
coincides with the edge of the cathode fall region. These
results, however, may be questioned under more extreme
conditions when step-wise excitation becomes dominant
as has been shown in case of rf discharges [38].
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Petrović, Eur. Phys. J. AP 11, 59 (2000)
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(2001)
26. M.J. Kushner, J. Appl. Phys. 54, 4958 (1983); J.P. Boeuf,

Phys. Rev. A 36, 2782 (1987); N. Nakano, N. Shimura,
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G. Malović, p. 352, Zlatibor, 2000

35. A. Bogaerts, R. Gijbels, Plasma Sources Sci. Technol. 11,
27 (2002)

36. A.V. Phelps, Plasma Sources Sci. Technol. 10, 329 (2001)
37. J.P. Boeuf, L.C. Pitchford, J. Phys. D: Appl. Phys. 28,

2083 (1995)
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