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Research Institute for Solid State Physics and Optics, Hungarian Academy of Sciences, POB
49, H-1525 Budapest, Hungary

E-mail: kutasi@sunserv.kfki.hu

Received 23 September 2004, in final form 9 February 2005
Published 4 May 2005
Online at stacks.iop.org/PSST/14/S1

Abstract
He+

2 molecular ions may be present in a concentration comparable to that of
atomic ions in dc helium glow discharges operated at medium pressures
(several tens of millibars). We use hybrid discharge simulations to study in a
self-consistent way the creation, transport and loss processes of both atomic
and molecular ionic species and the role of molecular ions in the
self-sustainment of the discharges. In the pressure range where
recombination processes are significant, the temperature of the cold (bulk,
trapped) electrons is expected to strongly influence the discharge properties.
In order to clarify these effects we investigate the influence of cold electron
temperature (used as an input parameter) on the results of the simulations
based on a hybrid model.

1. Introduction

Noble gas (among them helium) discharges operated at
elevated pressures [1,2] are attractive sources of radiation in a
wide spectral range; their applications range from lasers [3,4],
through different types of lamps [5], to plasma addressed liquid
crystal displays [6]. The UV and VUV radiation of helium
discharges originate from the excited He2 and He+

2 molecules.
As the ground state of the He2 molecule is unstable, excited
He2 molecules result mainly from the recombination of He+

2
ions. In order to optimize their applications, an understanding
of the processes taking place in such discharges is of primary
importance [7, 8].

We choose the technique of hybrid modelling as a tool for
our theoretical investigations into negative glow He discharges.
Hybrid models have successfully been applied during the last
decade for self-consistent simulation of dc and RF as well
as transient glow discharges [9–14]. In the case of low-
pressure noble gases, these models are usually based on a
two-component fluid approach (for positive ions and slow
electrons), and use Monte Carlo (MC) simulation of fast
electrons to calculate the ionization source in an accurate
manner. The partitioning of the electrons into groups of
fast and slow (bulk) electrons makes the solution of the
1 Author to whom any correspondence should be addressed.

problem computationally efficient. The fast electrons are
treated at the kinetic level, and at the moment when they are
no longer able to produce any excitation and ionization of
the gas, they are transferred to the slow electron group. As
a simplification, hybrid models of negative glow discharges
conventionally use a constant characteristic energy for the slow
electrons, e.g. [10–12], which is chosen to be kTe = 1 eV in
almost all studies. Using experimentally determined values
of Te, one could increase the reliability of the results of
such calculations. At certain discharge conditions (depending
on the gas pressure, charge density, probe dimensions, etc)
Langmuir probe measurements can be used to determine Te

[15]. At high pressures the partial local thermodynamic
equilibrium (PLTE) also makes it possible to determine the
electron temperature from the intensity ratio of a sequence of
spectral lines [16]. In some previous investigations on low-
pressure negative glow discharges, cold electron temperatures
significantly lower than 1 eV have been found. These studies
include the laser based diagnostics of Den Hartog et al
[17], theoretical calculations of Arslanbekov and Kudryavtsev
[18], Langmuir probe measurement of Bogaerts et al [19],
Angstadt et al [20] and Ohsawa et al [21], Thomson
scattering measurements of Gamez et al [22] and experimental
investigations of hollow cathode discharges by Warner [23],
Leigh [24] and Bánó et al [25]. In all these works cold
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electron temperatures ranging between 0.08 and 0.5 eV have
been found. Considering these data, the 1 eV value, used in
most hybrid model-based simulations, may be too high. To the
best of our knowledge no previous study addressed the question
‘how do the results of such calculations depend on the Te

value assumed in the simulations?’ This question may be even
more important when the gas pressure (and charge densities)
reaches a threshold when recombination processes—whose
rates depend very strongly on Te—become essential in the
particle balance. Thus we feel it is justified and timely to
explore this effect in a wide pressure range.

The aims of our work are (i) to investigate the
characteristics of helium glow discharges including molecular
ions through hybrid simulations; (ii) to study the effect of
different elementary processes on the discharge characteristics;
and (iii) to determine the role of molecular ions in the
self-sustainment of helium discharges in a wide pressure
range. Compared with our earlier studies [26], the present
discharge model is expected to be more accurate as the
dissociative recombination process is also taken into account in
addition to other recombination channels. The spectroscopic
determination of the bulk electron temperature—based on the
not fully justified PLTE approximation for the investigated
discharge conditions [26]—is replaced by Langmuir probe
measurements. Unfortunately these measurements cannot
cover the entire pressure range considered here. Thus in
most of our simulations we study the effect of the assumed Te

on the calculated discharge characteristics, rather than using
experimentally determined bulk electron temperature values.

In our work we investigate similar glow discharges in
the 2–60 mbar pressure range. Four different discharges
are studied at the conditions which correspond to the same
pL = 6 mbar cm and reduced current density j/p2 =
0.027 mA cm−2 mbar−2: (i) p = 2 mbar, j = 0.108 mA cm−2,
L = 3 cm, (ii) p = 6 mbar, j = 0.972 mA cm−2, L = 1 cm,
(iii) p = 20 mbar, j = 10.8 mA cm−2, L = 0.3 cm and
(iv) p = 60 mbar, j = 97.2 mA cm−2, L = 0.1 cm.

This paper is divided into five sections. Section 2
describes the experimental arrangement and experimental
results. In section 3 the self-consistent model is described.
The modelling results are presented and discussed in section 4.
The summary of the work is given in section 5.

2. Experimental

Our earlier experimental investigations [26]—where the
electrical characteristics and the optical emission spectra
of similar helium glow discharges in the 6–60 mbar
pressure range have been measured—are complemented
with the measurement of the electron temperature by probe
measurements at low pressures. For the discharge conditions
given above (including our previous [26] and present
experimental studies), the discharge voltage is V = 350±10 V
over the whole pressure range, i.e. the V = f (j/p2) scaling is
found to be fulfilled within the limit of errors. For the present
measurements we use a plane-parallel electrode configuration:
two copper discs of 7.8 cm diameter placed in a glass tube
face each other at a distance of 3 cm. This construction
has been mounted inside a vacuum chamber evacuated by a
turbomolecular pump backed by a rotary pump. The base

pressure of the system is ∼5 × 10−7 mbar. During the course
of measurements a gas flow of 1 sccm of 6.0 purity He gas is
established through the chamber.

It is well known that the transition part of the Langmuir
probe characteristics (where the probe voltage is higher than
the floating potential and lower than the plasma potential
and the ion current is negligible) can be used for determination
of the temperature of Maxwellian bulk electrons. The electron
temperature can be obtained fitting the exponential part of the
probe characteristic in this region. The inverse slope of the
semilogarithmic plot of the probe current versus voltage is
proportional to kTe. This slope is insensitive to the shape of
the probe and collisions in the probe sheath [15]. The problems
related to the contamination of the Langmuir type (cold)
probes can be overcome with heated probes operated below
the electron emission threshold. We have constructed such a
probe using 0.07 mm tungsten wire of ≈4 mm length. The
tungsten wire is mounted between two glass tubes of ≈1 mm
diameter and 5 mm length, joined with a 2.4 mm diameter
ceramic tube with two holes (see the sketch of the probe in the
inset of figure 1). The probe is introduced into the discharge
volume through a hole in the anode and can be positioned by
a micrometer screw equipped with vacuum feed-through.

The probe characteristics have been recorded for different
heating currents (Ih) and have been found to become
reproducible above certain values of Ih. In order to eliminate
the errors originating from the finite value of voltage drop over
the length of the probe (which is of the order of ≈1 V), the data
have been taken during short time intervals (typically 100 µs)
when the heating is interrupted. The heating current has been
kept low, so that no evidence of emitted electrons has been
observed.

A typical probe characteristic taken at p = 2 mbar
pressure and I = 5 mA discharge current is plotted in
figure 1. The characteristic has been recorded at the position
of the maximum charge densities (1.50 cm from the cathode
for the above discharge conditions), which has been found
by maximizing the electron current to the probe at a fixed
value of positive probe bias (+18 V). We made no attempt
to determine the absolute values of charge densities from the

Figure 1. Probe characteristic recorded at p = 2 mbar at
x = 1.5 cm from the cathode, corresponding to the position
of the maximum density in the negative glow. The discharge
voltage is U = 350 V, the reduced current density is j/p2 =
0.027 mA cm−2 mbar−2. The dashed line is a linear fit to the
characteristic. The inset of the figure shows a sketch of the probe.
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probe characteristics. The semilogarithmic plot of the probe
current versus voltage clearly contains a linear part, i.e. there
exists a population of the electrons with nearly Maxwellian
energy distribution. The inverse slope defines the electron
temperature (according to Ie = Ies exp[e(Vp − Vs)/kTe]),
which in the case plotted in figure 1 amounts to kTe = 0.28 eV.
There is also a clear indication of the presence of high-energy
electrons, as is expected in the negative glow. Due to this fact
the electron temperature obtained by fitting the exponential
part of the probe characteristic may be slightly overestimated.

Determination of the electron temperature at higher
pressures using the probe technique was not feasible mostly
due to technical difficulties. At higher pressures, due to the
pd scaling the discharge dimensions are reduced, e.g. giving an
electrode separation of only 0.3 cm at 20 mbar. The possibility
of reduction of the probe dimensions is limited; the available
probe construction does not fit the narrow discharge gap at
high pressures. Therefore—as stated in the introduction—the
effect of the kTe value assumed in the model on the calculated
discharge characteristics is studied for a wide pressure range.

3. Simulation model

The discharge is described by a one-dimensional hybrid model
which combines

• a fluid model for atomic and molecular ions and slow
electrons

• MC simulation of fast electrons and
• a diffusion–reaction model of the metastable species.

The model makes it possible to calculate several discharge
characteristics in a self-consistent way. The elementary
processes taken into account in the model are summarized in
table 1: for a more detailed discussion see [26]. Here we only
briefly summarize the features of our model—for more details
the reader is referred to [26].

For fast electrons we take into account elastic scattering
(p1), excitation to metastable and several higher excited states

Table 1. Elementary processes considered in the model.

Proc. id. Reaction process

p1 He + e− → He + e−

p2 He + e− → He(S, T) + e−

p3 He + e− → He∗ + e−

p4 He + e− → He+ + 2e−

p5 He∗ + He → He+
2 + e−

p6 He(S) + e− → He(T) + e−

p7 He(T) + 2He → He(M) + He
p8 He(S) + He → 2He
p9 He(S, T) + He(S, T) → He+ + He + e−

He+
2 + e−

p10 He(S) + e− → He + e−

p11 He(T) + e− → He + e−

p12 He+ + 2He → He+
2 + He

p13 He+ + 2e− → He∗ + e−

p14 He+ + e− → He + hν
p15 He+

2 + e → He(1 1S) + He(2 3S)

p16 He+
2 + 2e− → He∗

2 + e−

p17 He+
2 + e− + He → He∗

2 + He

He(S), He(T) and He(M) denote the singlet atomic,
triplet atomic and molecular metastables, respectively.
For more details see [26].

(up to n = 5) (p2–p3) as well as ionization (p4) (the
cross section data are taken from [27]). The excited atoms
(including the n = 3 to n = 5 states) can participate in
associative ionization process (p5) in which molecular ions are
created [28]. The singlet and triplet atomic metastables may
be converted into triplet atomic and molecular metastables,
respectively (p6–p7). The singlet atomic metastables may also
be converted to ground state atoms due to collisions with the gas
atoms (p8). The atomic and molecular ions are partly created in
metastable–metastable associative ionization processes which
result in the loss of metastables (p9). The metastables are also
lost in deexcitation processes (p10–p11) [29]. The atomic
ions convert into molecular ions through the ion conversion
process (p12) [29]. The atomic ions are lost through collisional
radiative (p13) [29] and radiative recombination (p14) [30].
The molecular ions are lost through dissociative recombination
(p15) [31] (this process was not taken into account in the model
of [26]), collisional radiative recombination (p16) [30] and
three-body recombination (p17) processes [29].

In the simulation the fluid, MC and metastable models
are solved in an iterative way until the stationary state of the
discharge is reached. The structure of the hybrid model and
the transfer of physical quantities between the three models are
presented on the flowchart shown in figure 2. In the first step
of the iterations the fluid model is solved without sources and
losses of charged particles to obtain an ‘initial’ electric field
distribution, and the avalanches initiated by a given number of
primary electrons are traced afterwards by the MC simulation
in this field. Using the metastable source functions calculated
in the MC cycle, the metastable model is solved to obtain
the sources of the atomic and molecular ions created in the
metastable–metastable associative ionization processes. In
the metastable–metastable associative ionization processes fast
electrons are also created. These electrons are traced in the next
MC cycle. In the next step the fluid model is solved using the
ion and electron sources and losses obtained in the MC and
metastable cycles.

The typical integration time step in the fluid model is of
the order of 1 ns; the MC and metastable parts are usually
run after 100 steps in the fluid model. Typically 1000 primary
electrons and their secondaries are traced in the MC procedure.
Having obtained the converged solution, the MC simulation is
carried out once more for 2 × 105 primary electrons to obtain
sufficiently smooth source functions.

Figure 2. Flowchart of the model.
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The input parameters of such a hybrid model are the
discharge voltage, gas pressure, rate coefficients of different
processes, electron collisional cross sections, diffusion and
mobility coefficients, temperature of bulk (slow) electrons
(kTe) and the secondary electron emission coefficient (γ ). One
part of these parameters can be determined experimentally, and
the other part can be found in the literature; however, there is a
lack of data for the (i) electron temperature and (ii) secondary
electron emission coefficient.

The importance of the electron temperature has been
discussed in the introduction part. Besides the electron
temperature another critical parameter of hybrid models is
the secondary electron emission coefficient, γ . Data for γ in
the literature can be found mainly from high vacuum beam
experiments using clean electrode surfaces. Such data for
γ cannot be directly used in discharge modelling [36]. In
hybrid models there is a trend to use a constant γ for different
discharge conditions. Previous studies have, however, shown
that the effective secondary electron emission coefficient
(the ratio of the electron current to the ion current at the
cathode) depends on the reduced electric field (E/n) at the
cathode [32–35]. The effective γ coefficient accounts for all
possible electron emission mechanisms [36]. In our model the
electron emission is attributed to the atomic and molecular
ions. The secondary yield of He+

2 ions is expected to be
about 60% of He+ [37, 38]. In this way the discharge current
is I = IHe++He+

2
+ γHe+(IHe+ + 0.6IHe+

2
). To have a correct

description of the discharges the secondary yield of atomic
ions, γHe+ , needs to be chosen carefully. γHe+ , in fact, can
be determined in the hybrid model by taking it as a variable
parameter and in the iterative solution of the model (at fixed
discharge voltage) adjusting it in a way so as to obtain a current
density equal to the experimental value [39].

Calculation of the heating of the gas is not included in
our model. This is justified by the rather moderate values of
E/n in the cathode sheath (see later) not allowing the creation
of a significant amount of fast neutral atoms (in charge and
momentum transfer collisions between positive ions and the
background gas) which would be the dominant species heating
the gas through their collisions with background He atoms.

4. Results and discussion

First the results of the ‘base simulations’ carried out for a
2 mbar pressure are presented. For this case the experimentally
determined kTe = 0.28 eV bulk electron temperature is used
as input data, and the procedure explained above is used for
determination of the effective electron yield. The results show
that for this case the agreement between the measured and
calculated current densities is reached at γHe+ = 0.109 and
γHe+

2
= 0.065. For these conditions the reduced electric field

at the cathode (E/n)c is found to be 1800 Td. Our γHe+ value
agrees well with that given in [40]. As we investigate similar
discharges where the reduced electric field at the cathode is
constant, the use of the same γHe+ value (obtained in the
way described earlier) for the calculations at higher pressures
(keeping pd and j/p2 constant) is reasonable.

The charge density distributions—shown in figure 3(a)—
indicate the presence of a quasi-neutral plasma in the negative
glow and the dominance of the positive ions in the cathode

Figure 3. (a) Density distribution of the slow electrons (——)
and atomic (•) and molecular (– – –) ions. (b) Flux of the slow
electrons (——) and atomic (•) and molecular (– – –) ions.
(c) Axial distribution of the electric field in the negative glow.
(d) Axial distribution of the calculated electron ionization rate (•).
The solid line is a single exponential decay curve fitted to the data.

sheath. According to the calculated charge fluxes (figure 3(b))
a part of the ions flow to the anode, which is the consequence
of the small negative field present in the anode vicinity, due
to the reversal of the electric field in the negative glow [41],
see figure 3(c). The modelling results show that—for the
above discharge conditions—the position of the field reversal
is located at x ∼= 1.60 cm (from the cathode) and coincides
with the position of the maximum density. In the probe
measurements for the position of the maximum density we
found 1.50 cm, which is in very good agreement with the
modelling result. The position of the field reversal can also
be calculated with a formula given by Bouef and Pitchford [41].
According to their analytical model the position of the field
reversal, df , depends 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
= −$ ln[$(1 − e−1/$)], (1)

where $ = λ/(d − dc). The energy relaxation length of the
electrons has been determined from the decay of the calculated
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Figure 4. Calculated current density (•) as a function of the assumed electron temperature at different gas pressures. The heavy horizontal
lines in the panels represent the experimental current density at U = 350 V.

ionization rate beyond the peak of the ionization source in the
negative glow (figure 3(d)). The position of the cathode sheath
edge coincides with the position of the ionization source peak
[33]. Following this procedure the position of the field reversal
is found from equation (1) to be at df = 1.59 cm. The uncer-
tainty of the experimental determination of the position of the
maximum electron density can be estimated to be within ≈0.1–
0.2 cm. This uncertainty is due to the flat electron density pro-
file in the middle of the negative glow region, which results
only in a slight change in the electron current of the probe with
position (at a constant positive bias, e.g. +18 V). In the determi-
nation of df from equation (1), the sources of errors are (i) the
uncertainty of the electron energy relaxation length, which is
calculated from the ionization source function (supposed to
have an exponential decay) and (ii) the uncertainty of the deter-
mination of the length of the cathode sheath. The uncertainty
of the value given by equation (1) is thus estimated to be !10%.

As we discussed in the introduction, the dependence
of the calculated discharge characteristics on the assumed
value of the electron temperature is studied in detail in the
forthcoming part of this paper. First the dependence of
the current density on kTe at different pressures is studied. The
results are illustrated in figure 4: the current density increases
with increasing electron temperature. The results show that
in order to obtain by modelling the experimental current
density the electron temperature in the discharges of 6–60 mbar
pressure has to be chosen in the 0.1–0.2 eV range. This is in
reasonable agreement with our previous measurements, based
on spectroscopical observations [26], where kTe values in the
0.1–0.12 eV range have been obtained. It is noted, however,
that for these conditions the PLTE requirement, needed
for spectroscopical measurements, is not strictly satisfied.
The deviation from the thermodynamic equilibrium causes
errors in the electron temperature determination from the
spectroscopical data. Assuming higher kTe values in the hybrid
models, the current density can be strongly overestimated.
At low pressures, assuming an electron temperature of 1 eV
introduces a 20% error in the current density; however, with
increasing pressure this error increases and at 60 mbar reaches
60%. This strong dependence of the current densities on the

Figure 5. Maxima of electron ('), atomic ion (◦) and molecular
ion ()) densities as a function of the assumed electron temperature
at different gas pressures.

electron temperature let us conclude that for correct modelling,
accurate determination of the electron temperature is required.

In the following, the dependence of the calculated charge
densities on the bulk electron temperature assumed in the
model is investigated. Figure 5 shows the maximum values
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Figure 6. Source functions of atomic (——) and molecular (– – –) ions, and recombination loss functions of atomic (· · · · · ·) and molecular
(— · —) ions at 6 mbar and 60 mbar pressure for different assumed values of the electron temperature.

of charge densities as a function of the assumed kTe. At low
pressures (2–6 mbar) we can observe the expected behaviour
of the charge densities, namely the decrease in the density
with increasing electron temperature. This behaviour can be
explained by the increase in the electron diffusion coefficient
resulting in the increase of the ambipolar diffusion. At higher
pressures the densities show maxima as a function of the
electron temperature at around 0.2–0.3 eV. The decrease in
densities towards lower kTe is due to the additional loss of
charges due to recombination processes at high pressures, in
contrast with low-pressure cases, where the recombination
losses are less important. Figure 6 displays the source (S)
and recombination loss (L) functions of atomic and molecular
ions for 6 and 60 mbar pressures, for 0.1, 0.3 and 1 eV electron
temperatures. Assuming a 0.1 eV electron temperature at
6 mbar, 9% of ions (7% of atomic and 20% of molecular ions)
recombine, while at 60 mbar 36% (30% of atomic and 52%
of molecular ions) do so. The rest of the ions are lost at the
electrode surfaces. The recombination losses decrease with
increasing electron temperature: for kTe = 0.3 eV at 6 mbar
the recombination is already negligible (only 2% of molecular
ions recombine), while at 60 mbar 11% of the ions recombine
(5% of atomic and 25% of molecular ions). In the case of 1 eV
electron temperature, recombination becomes negligible even
at 60 mbar, where 2% of molecular ions recombine. This low
recombination rate at 60 mbar cannot explain the presence of
strong molecular bands in the experimental optical emission

Figure 7. The ratio of the dissociative recombination losses and the
total recombination losses for the molecular ions as a function of the
assumed electron temperature for 6 mbar ( ), 20 mbar (•),
60 mbar ()).

spectra presented in our earlier work [26]. This result also
supports the observation that the bulk electron temperature in
helium glow discharges is much lower than 1 eV.

The relative importance of different recombination
processes has been investigated using the model. Here we wish
to emphasize the importance of the dissociative recombination
process, which is a new process included in the model
compared with the model presented in [26]. Figure 7 shows
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Figure 8. Percentage of molecular ions in the negative glow as a
function of the assumed electron temperature at 2 mbar (*+), 6 mbar
(◦), 20 mbar ()), 60 mbar (').

the ratio of the dissociative recombination loss to the total
recombination loss of the molecular ions as a function of
the assumed electron temperature. At the highest pressure
investigated, 60 mbar, at 0.2–0.3 eV electron temperature the
dissociative recombination has a share of 20–30% of the
total loss by recombination; this percentage increases with
decreasing pressure—at 20 mbar it is around 50–60% and at
6 mbar it increases to 85%.

The electric field distribution in the discharge is
determined by the charge density distributions. In the negative
glow, which is an almost field-free region, a quasi-neutral
plasma is present composed of atomic and molecular ions
and slow (bulk) electrons. In the following the percentage
of molecular ions in the negative glow as a function of
the assumed kTe is studied and presented in figure 8.
The percentage of molecular ions decreases with increasing
electron temperature; in comparison with the 0.1 eV case, at
1 eV the percentage of molecular ions decreases by about 10%
at p = 60 mbar. The results show that in the 0.1–0.3 eV range,
the percentage of molecular ions decreases by about 5% in
the case of 2, 6 and 20 mbar, while at 60 mbar it increases by
about 2%. In the case of kTe = 0.3 eV—which is supposed by
us to be a realistic value for the electron temperature—at 2 mbar
5% of ions are molecular ions, at 6 mbar 12%, at 20 mbar 28%
and at the highest pressure investigated (60 mbar) 42%.

The percentage of the ion current carried by molecular
ions at the cathode as a function of the assumed electron
temperature is presented in figure 9(a). The ratio of the
molecular ion current, IHe+

2
, to the total ion current shows a

slight dependence on the electron temperature. In the case
of kTe = 0.3 eV at 2 mbar 5% of the ion current is carried
by the molecular ions, and at 6 mbar this percentage increases
up to 12% and at 60 mbar reaches 25%. The self-sustained
mode of operation of the discharge is assured by the ions
arriving at the cathode surface which induce the emission
of secondary electrons. Figure 9(b) shows the percentage of
secondary electrons released by the molecular ions, r = 100×
γHe+

2
IHe+

2
/(γHe+

2
IHe+

2
+ γHe+IHe+ ). At 2 mbar 3% of the electrons

are released by the molecular ions, at 6 mbar 7% and at 60 mbar
17%. These results give us an insight about the increasing
importance of molecular ions in the self-sustainment of the
discharge.

Figure 9. (a) Percentage of the ion current carried by the
molecular ions at the cathode and (b) percentage of secondary
electrons released by molecular ions at the cathode as a function
of the assumed electron temperature at 2 mbar (*+), 6 mbar (◦),
20 mbar ()), 60 mbar (').

5. Summary

The role of molecular ions in low-pressure negative glow
helium discharges has been investigated by means of a hybrid
model which combines (i) a fluid description of slow electrons
and atomic and molecular ions with (ii) MC simulation
of fast electrons and (iii) a diffusion–reaction model for
metastable species. The bulk electron temperature (Te) has
been determined experimentally at the lowest pressure studied,
2 mbar, using a (heated) Langmuir probe. This experimentally
obtained value, kTe = 0.28 eV, has been used as an input
parameter for the ‘base simulations’ carried out for p =
2 mbar, from which—among other discharge characteristics—
the secondary electron yield of atomic ions, γHe+ , was also
determined.

Subsequently, discharges at pressures up to 60 mbar have
been investigated through simulations: these calculations have
been carried out for constant values of the pL and j/p2

similarity parameters, and at a constant discharge voltage V =
350 V. Due to the similarity of the discharges studied, γHe+ was
also kept constant at the value 0.109 determined at 2 mbar. As
the experimental determination of the electron temperature at
higher pressures using the probe technique was not feasible, the
effect of the kTe value assumed in the model on the calculated
discharge characteristics has been studied. The comparison
of the measured and calculated current densities indicated that
the electron temperature in the 2–60 mbar pressure domain is
in the 0.1–0.3 eV range, which is significantly lower than the
kTe = 1 eV value conventionally used in hybrid models. We
have shown that by assuming kTe = 1 eV—as the majority of
hybrid models do—the current density of the discharges can
be significantly overestimated (especially at higher pressures).

At low pressures the maxima of the charge densities
decreased with an increase in the assumed value of kTe, due
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to the increasing ambipolar diffusion. At high pressures
("20 mbar)—where recombination processes become very
important at low kTe values—the peak value of the charge
density showed a maximum as a function of kTe.

At 2 mbar the position of the maximum electron density
was found to occur at x = 1.50 cm from the cathode, while
the modelling results gave 1.60 cm, which coincides with
the position of the field reversal. The latter has also been
determined with the formula given by Bouef and Pitchford
[41], and has been found to occur at 1.59 cm. The analysis
of the ‘composition’ of the negative glow plasma showed that
at 2 mbar 5% of the ions are molecular ions, and this value
increases to 42% at 60 mbar.
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Phys. 34 3368
[27] Morgan W L, Boeuf J P and Pitchford L C 1998 Siglo Data

base, CPAT and Kinema Software http://www.csn.net/siglo
[28] Hornbeck J A and Molnar J P 1951 Phys. Rev. 84 621
[29] Deloche R, Monchicourt P, Cheret M and Lambert F 1976

Phys. Rev. A 13 1140
[30] Ichikawa Y and Teii S 1980 J. Phys. D: Appl. Phys. 13 2031
[31] Alves L L, Gousset G and Ferreira C M 1992 J. Phys. D: Appl.

Phys. 25 1713
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