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Abstract

Some of the fundamental characteristics of the hollow cathode glow discharge are presented for different discharge
conditions, based on a hybrid Monte Carlo fluid model, and on electrical and spectroscopic measurements. The Monte
Carlo model describes the movement of the fast electrons as particles, while in the fluid model, the slow electrons
and positive ions are treated as a continuum. The transient continuity equations are solved together with the Poisson
equation in order to obtain a self-consistent electric field. The source terms of the continuity equations and the
electron multiplication coefficient(used for the determination of the secondary electron emission coefficient) are
obtained from the Monte Carlo simulation. These two models are run iteratively until convergence is reached. Typical
results are, among others, the charged particles densities, the fluxes, the electric field and potential distribution. It is
found that the influence of the bottom of the cylindrical hollow cathode cannot be neglected. A very good agreement
between calculations and experimental data was obtained.� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hollow cathode discharges(HCD) are used in
a wide variety of applications, for example in
plasma processing(ion etching, thin film deposi-
tion, surface treatment) w1x, in ion gas lasersw2,3x,
and in spectroscopic analysis, where the hollow
cathode is used as an emission source, allowing
direct excitation and analysis of samples and as a
light source in absorption spectrometry because of
its sharp and intense spectral linesw4–8x.

This kind of glow discharge, which was first
studied by Paschenw9,10x, comprises two regions:
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a dark space adjacent to the cathode surface, where
the electric field is strong, which is called the
cathode dark space(CDS) or sheath, and a rather
luminous part beyond it, where the field is weak
and which is called the negative glow region(NG)
or plasma region. The cathode can be built in
different shapes, for example as a spherical seg-
ment or as a pair of plane parallel plates or as a
hollow cylinder. The anode(or anodes) is usually
placed close to the cathode surface at such a
distance that no positive column can be formed
and that the NG can be confined inside the
discharge cavity.

The operating voltage of the HCD is lower than
in a glow discharge with single planar cathode for
the same current density. Moreover, the voltage–
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Fig. 1. Schematic picture of the cell geometry used in the mod-
el and in the experiments.

current dependence shows two different regions:
one with a steep slope at low current and the other
with a smaller slope at higher current. The most
specific characteristic of the HCD is the so-called
hollow cathode effectw11x, i.e. a large increase in
the current density and light intensity, which is
observed when the distance between the opposite
cathode surfaces and the gas pressure are set in a
way that the NG regions from facing cathode
surfaces overlap. Theses properties are mostly due
to the very efficient use of the fast electrons and
ions in the HCD w12–14x. Indeed, most of the
ions, which usually get lost at the boundaries of
the NG with the anode and with the surrounding
walls in the case of a plane cathode, can reach the
surface of the cathode and release more electrons.
The loss of fast electrons is also considerably
reduced: the fast electrons can oscillate between
opposite cathode surfaces(‘pendulum effect’)
w14,15x, using all their energy for excitation and
ionization of the gas atoms. Some of these elec-
trons can penetrate into the dark space opposite to
the cathode of their origin and cause ionization
collisions there. The new electrons thus created
will be accelerated in the high CDS field and they
generate new electrons, giving rise to an enhanced
ionization rate in the CDS as well as in the NG.

Conventional HCDs usually operate at pressures
up to 1.3 kPa, with a cathode voltage ranging from
200 to 500 V and a discharge current from a few
mA up to 1 A w4,5,16x.

In this paper, we will present our results for a
cylindrical HCD obtained by a self-consistent
numerical simulation and by measurements of the
current–voltage dependence and the light emission
intensity of some ArI spectral lines. Most studies,
i.e. analytical models, experiments or mathematical
simulations dealing with cylindrical HCDs are
focused only on the radial properties of the dis-
charge, assuming a hollow cathode of infinite
length, and hence, a discharge uniform in the axial
direction w17–23x. Here we intend to simulate the
cylindrical geometry of a HCD as realistically as
possible by taking into account the effect of the
bottom of the hollow cathode in the discharge
behavior. We investigate how the light emission
intensities, the rates, densities, potential profiles

and the electron energy distribution change with
varying discharge conditions.

2. Geometry and discharge conditions

The discharge geometry consists of a cylindrical
cathode closed at one end and a disc anode at the
other end, separated by 0.2 cm(Fig. 1). In a
classical HCD, the length of the cylinder is typi-
cally 5–10 times larger than the radius in order to
reduce the loss of electrons through the open end
of the cylinder. We assumed a length of 3 cm and
a radius of 0.5 cm.

The discharge conditions assumed in the model
were taken from the experiments, i.e. the gas
pressure was varied from 40 to 133 Pa, the
discharge current ranged from 1 to 10 mA and a
discharge voltage between 240 and 300 V was
applied to the cathode, whereas the anode was
grounded. The gas temperature was assumed to be
at room temperature.

3. Experimental set up

The cylindrical HCD with the same dimensions
as in Fig. 1 was placed in a Pyrex envelope. Both
anode and cathode were made of high purity
copper, and high purity argon was used as the
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discharge gas. The discharge was operated in d.c.
mode and digital multimeters measured the dis-
charge current and the voltage. The background
pressure of the vacuum system was approximately
1.33=10 Pa.y4

The spatial distribution of the light emission
intensity in the discharge was scanned in the radial
direction. For this aim, a 0.05-cm slit was
machined into the anode disc along its diameter
and the discharge tube was mounted on a precision
translator equipped with a stepping motor driven
by a PC. A 10-cm focal length quartz lens imaged
the light of the discharge onto the entrance slit of
a monochromator. A diaphragm was placed in
front of the lens to obtain sufficient spatial reso-
lution. For the recording of the spectral lines a
photomultiplier tube(PMT) type EMI 9558B was
used. The digitized signal of the PMT was sent to
the PC, using an IEEE488 interface. The PC also
controlled the wavelength positioning of the mono-
chromator when recording the spectral scans.

4. Numerical model

The hybrid model presented here is a combina-
tion of two models: a Monte Carlo and a fluid
model w24–31x. In the CDS, the condition for
equilibrium approach is not fulfilled for electrons
due to the high electric field and the large field
variation over the electron mean free path. Indeed
the energy gained by electrons from the field is
not locally balanced by the energy lost through
collisions; hence a flux of high-energy electrons
will enter the NG, producing inelastic collisions.
For these high-energy electrons a microscopic
model based on a three-dimensional Monte Carlo
method is used in the entire discharge(sheath and
plasma region). The slow electrons in the NG and
the positive ions in the whole discharge are treated
with a classical equilibrium approach, i.e. the fluid
model for collision dominated plasmas. For that,
the following conditions should be fulfilledw32x:
l4l and t4t , i.e. the characteristic lengthc c

(l) and the time (t) over which the plasma
quantities change considerably, should be much
larger than the mean free path(l ) and thec

collision time(t ).c

4.1. Assumptions of the model

1. The discharge gas is assumed to be argon at
room temperature and uniform throughout the
discharge.

2. The species assumed to be present in the plasma
are: neutral ground state Ar atoms, positive ions
(Ar ), slow electrons and fast electrons. Sput-q

tered atoms and ions are not yet incorporated,
since it was calculated in previous models for
glow discharges, that they don’t play a signifi-
cant role in determining the electrical character-
istics w33x. We plan in the near future to
incorporate these species in our model, so that
we can obtain a better feeling about the impor-
tance of these species in the model for HCD.

3. The processes taken into account are: ion
induced secondary electron emission from the
cathode sidewalls and bottom; electron impact
excitation; and ionization and elastic collision
with ground state Ar atoms. Recombination
between the positive Ar ions and electrons can
be neglected at our working pressure of 133 Pa
or less(see below).

4. In order to obtain a better understanding of the
HCD, the model should be developed at least
in two directions:
● The direction perpendicular to the cathode

sidewalls, i.e. the radial direction, where the
pendulum effect occurs.

● The direction parallel to the cathode side-
walls, i.e. the longitudinal direction, in which
the external discharge current will flow
because of the position of the anode at the
open end of the cathode(Fig. 1).

4.2. Description of the sub-models

4.2.1. Monte Carlo model
The Monte Carlo model simulates the trajecto-

ries and collisions of electrons emitted by the
cathode and the ones created within the discharge
gap by ionizationw34–38x. The electrons move
under the influence of a spatially dependent elec-
tric field through a gas of neutral atoms, assumed
to be at rest in comparison with the high speed of
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the electrons. The position where the secondary
electrons are ejected from the cathode walls is
determined based on the distribution of the ion
flux to the walls(obtained from the fluid model;
see below). The electrons are assumed to be
emitted in the forward direction with an initial
energy of 4 eVw38x.

In each time step, the trajectory of the electron
is calculated according to Newton’s law:

1 2XsX qV Dty E cosaDt (1)0 0x fr2m

1 2YsY qV Dty E sinaDt (2)0 0y fr2m

1 2ZsZ qV Dty E Dt (3)0 0z fz2m

1
V sV y E cosaDt (4)x 0x frm

1
V sV y E sinaDt (5)y 0y frm

1
V sV y E Dt (6)z 0z fzm

whereE and E are the axial and radial electricfz fr

field, a is the azimuthal angle of the radial
position, m is the electron mass,Dt is the time
interval andX, Y, Z (V , V , V ) and X , Y , Zx y z 0 0 0

(V , V , V ), are the positions(velocities) after0x 0y 0z

and beforeDt, respectively.
The probability of collision during the time step

Dt is calculated by: Ps1yexpwyns (´)Dsx,t

wheren is the gas density,s is the total collisiont

cross section andDs is the distance traveled during
the intervalDt. The cross-sections for the collisions
taken into account(i.e. electron impact ionization,
excitation and elastic collisions) are obtained from
Phelps w39x. This calculated probability is com-
pared with a random number(rn), uniformly
distributed in the interval between 0 and 1. Ifrn-
P, a collision occurs. To determine the kind of
collision a secondrn is generated and compared
with the relative probability of each collision. After
each collision, the electron energy is calculated
depending on the type of the collision. The new
direction is determined by anisotropic scattering.

The scattering anglex and the azimuthal angle of
scatteringf are calculated using tworn and the
differential angular cross sections(´,x) in the
same way as described in Bogaerts et al.w38x.
However, a new scattering formula was usedw40x.
From these angles, the new axial and azimuthal
velocity angles are found by transformation of the
coordinate frame of referencew35x. This procedure
is repeated, until the electrons collide at the anode,
where they can be absorbed, reflected or produce
secondary electron emission, or until the electrons
are transferred to the slow group. Indeed, when
the energy of the fast electrons drops below the
energy of the first excitation level of the Ar atoms,
they are transferred to the slow-electron group.
This threshold is selected so that only the fast
electrons are capable of inelastic collisionsw31x.

4.2.2. Fluid model
In the fluid model, the transport of charged

particles is represented by the continuity equations
for ions and slow electronswEqs. (7) and (8),
respectivelyx and by the momentum transfer equa-
tions for ions and slow electronswEqs. (9) and
(10), respectivelyx. In order to obtain a self-
consistent electric field, these equations are cou-
pled with the Poisson equationwEq.(11)x. Because
of the cylindrical symmetry of our discharge cell,
the fluid model is developed in cylindrical
coordinates.

≠n ™™iq=Øj sSi i
≠t

Continuity equation for ions

(7)

dn ™™eq=ØjsSslow
dt

Continuity equation for slow electrons

(8)

™ ™™
j syn m =VyD =ni i i i i

Flux equation for ions
(9)

™ ™™
j sn m =VyD =ne e e e e

Flux equations for slow electrons
(10)

e2 Ž .= Vsy n yni e
´0

Poisson equation

(11)
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Fig. 2. Voltage–current dependence at different pressures. The
lines with small points show the experimental measurements
and the larger symbols represent the modeled discharge con-
ditions. The spotlighted area shows the optimal discharge con-
ditions for the occurrence of the hollow cathode effect.

S and S are the source terms obtained asi slow

output from the Monte Carlo model, representing
the number of ions and slow electrons created per
unit volume and per unit time.D and D are thei e

ion and electron diffusion coefficients,m and mi e

are the ion and electron mobilities,n and n arei e

the ion and slow electron densities,j and j arei e

the ion and electron fluxes andV is the electric
potential. The transport coefficients are taken from
referencew26x. The fast electron density was not
included in Poisson’s equation because the fast
electron density is much lower than the slow
electron and ion densitiesw25,26x.

The above set of equations is solved with the
following boundary conditions:

● at the cathode:VsyDischarge voltage,n s0,e

=n s0i

● at the anode:Vs0, n s0, =n s0e i

The system of equations is solved numerically
following the procedure developed by Passchier
and Goedheerw41,42x.

4.3. Coupling of the models

The models are coupled as follows:

1. First the Monte Carlo model is run. In the first
iteration, an initial electric field has to be
proposed. Our initial assumption was a linearly
decreasing electric field in most of the CDS
and a constant electric field in the NG. At the
‘cylinder corner’, i.e. in the CDS belonging
both to the cathode bottom and the cathode
sidewalls, the electric field was assumed to
have an axial and a radial component and each
component was a function of the radial and the
axial coordinates. The initial distribution of the
ion flux bombarding the cathode was assumed
to be uniform. This Monte Carlo model gives
the source terms for the continuity equations in
the fluid model and the electron multiplication
coefficient which can be used to determine the
secondary electron emission coefficient(g)
based on the condition of a self-sustained dis-
charge(see below).

2. Secondly, the fluid model is run with the above
source terms. It yields the electric field and the
ion flux toward the cathode( j ). The newicath

flux of fast electrons leaving the cathode is
calculated by . These results will bej sygje icath

used as input for the Monte Carlo model.
3. Third, with the obtained electric field and fast

electron flux, the Monte Carlo model is run
again.

Steps 2 and 3 are iterated, until convergence is
reached(determined by the difference in the total
current to the anode in two successive iterations
being smaller than 1%. The total current to the
cathode was not taken as a criterion of conver-
gence, because it was already constant(to 10 )y2

after a few iterations.

5. Results and discussion

5.1. Electrical conditions and emission intensities

The measured and calculated current–voltage
dependence(V–I) in the pressure range from 40
to 133 Pa is presented in Fig. 2. For each pressure,
approximately 20V–I points were measured. The
symbols denote the conditions for which the cal-
culations were performed(typically at 5–7 V–I
values per pressure). In the calculations, the total
secondary electron emission coefficient,g, was
calculated in the Monte Carlo model based on the
condition for the self-sustained discharge, under
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Fig. 3. Calculated secondary electron emission coefficient(g)
as a function of the reduced electric field(Eyn).

the assumption that the ions were the main source
of electron emission from the cathode, and that
there is no recombination in the plasma or other
volume losses, which is a correct approximation
in our pressure rangew12x. Then the condition for
a self-sustained discharge can be written as:gs

, whereM is the so-called electron multiplication
1
M
coefficient, defined as the amount of electrons
created in the discharge per electron ejected from
the cathode due to the ion induced secondary
electron emission. In this way,g was not used as
a fitting parameter like in other workw30x, but as
a parameter really reflecting the amount of electron
impact ionization in the discharge.

The obtainedg as a function of the reduced
electric field at the cathode wall, i.e. the ratio of
the electric field,(E) to the gas density(n) is
shown in Fig. 3. Because the electric field is also
a function of the axial position, we took as a
representative value of the electric field at the
cathode wall the value atzs1.5 cm. The value of
g obtained here varies very little from 0.035 to
0.042, corresponding to a reduced electric field
(Eyn) from 5=10 to 2=10 Td, respectively.3 4

This value is in good agreement with the values
obtained by Kruithofw43x for an Ar discharge in
which the copper cathode was cleaned by sputter-
ing without high temperature flashing, which is

also true in our case. With these values ofg, we
obtained a good agreement between the experi-
mental and calculatedV–I dependence. Hence, we
can conclude that the assumption is justified, that
in a HCD in this range of discharge conditions,
the secondary electron emission by ions is the
predominant process. In the review work of Phelps
w39x it was suggested that in this range ofEyn,
the total secondary electron emission coefficient
began to deviate from the ion-induced secondary
electron emission coefficient. However, Phelps
w39x deals with cold-cathode discharges in Ar in
normal and abnormal glow modes, where it is
expected that atEyn)10 Td (which corresponds4

for this glow modes, at a discharge voltage greater
than 500 V), the role of ionization by heavy
particles becomes important, and then the total
secondary electron yield increases, while the ion-
induced secondary electron emission coefficient
stays constant. The ionization by heavy particles
begins to become important only for ion energies
above 500 eVw44x, which means that the discharge
voltage should be at least 500 V. However, we are
dealing with a cylindrical HCD in which the
discharge voltage is clearly below 500 V(see Fig.
2). Hence, heavy particle ionization does not come
into play. Although a cylindrical HCD is also a
kind of glow discharge, it can, due to its distin-
guished properties, not be classified as a normal
or an abnormal discharge, but it is classified as a
conventional hollow cathode dischargew13x. It
should be mentioned that in the conventional
HCDs, the discharge voltage is lower than in a
glow discharge for the same current density and
pressure. Hence, the same value forEyn can be
reached as in a glow discharge, at the same current
density and pressure but at a lower voltage, so that
heavy particle ionization is not yet important in
this range ofEyn for cylindrical HCDs.

The V–I dependence of a HCD has two well-
defined regions(see Fig. 2): one at low current
density characterized by a steep slope and the
other one, at higher current density with a smaller
slope. For all the curves, a region of transition
between the steep and the small slope was
observed. Moreover, it appears also from Fig. 2
that the transition region is not continuous at
certain points. This was experimentally checked
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Fig. 4. Comparison of the radial profile of the recorded emission intensity for ArI 420.07 nm, ArI 750.30 nm and of the calculated
electron impact excitation rate of the Ar atoms atzs1.5 cm, at constant pressure(133 Pa) for different currents(a, b andc), and
at constant current for different pressures atIs2 mA (d, e and f) and ats6 mA (g, h and i), respectively.

many times, to be sure that it was not a systemat-
ical error in the measurements. In fact, at these
V–I conditions of discontinuity, the light emission
was most intense, i.e. it looks as if at these
conditions the hollow cathode effect is optimal.
Indeed at conditions where the light emission is
most intense, the excitation processes are the most
efficient w45x. This follows also from our simula-
tion results. Indeed, it was found that for all
pressures analyzed here, the average amount of
excitation per electron emitted by the cathode
(M ) was maximal at theV(I) points correspond-exc

ing to the transition region, which suggests the
most intense light emission. Bearing in mind that
the electron impact excitation is the main source
of light in the NG w46x, we have measured the
spectral lines of ArI 420.07 nm, ArI 603.2 nm and

ArI 750.3 nm, which are mainly produced by
electron impact excitationw45x. Fig. 4 shows the
measured emission light intensities of some ArI
lines (Fig. 4a,d,g for ArI 420 nm, and Fig. 4b,e,h
for ArI 750.3 nm) and the calculated total electron
impact excitation rate(Fig. 4c,f,i) as a function of
radial position. It is clear that the results of the
measurements and of the calculations show a
similar shape and also behave similarly as a
function of pressure and current.

In Arslanbekov et al.w13x and Kirichenko et al.
w47x, it was suggested that the optimal discharge
condition (pressure, current and voltage) for the
occurrence of the hollow cathode effect is reached
when at constant voltage, the current increases
with a decrease in pressure, or when at constant
current, the discharge voltage drops with a
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Fig. 5. Calculated and measured current–pressure dependence
at constant voltage.

decrease in pressure. In order to check this, we
plotted the current–pressure dependence(Fig. 5).
It appears that in our discharge, this happens for a
pressure between 40 and 70.5 Pa and for a current
of approximately 2 mA(see also Fig. 2). Hence,
at these conditions, the intensity of the spectral
lines should be maximal, as can indeed be
observed in the second and third row of Fig. 4,
where the spectral line intensities and the calculat-
ed electron impact excitation rate obtained for
discharge currents of 2 and 6 mA are plotted at
different pressures. For both currents(2 and 6
mA) the maximum intensities of the spectral lines,
as well as the maximum of the electron impact
excitation rate, were obtained at a pressure of 40
Pa and the effect is most pronounced at the current
of 2 mA. From Fig. 5, this effect is only visible
at the discharge voltage of 282 V. It appears from
Fig. 2 that the optimal condition for the hollow
cathode effect occurs in the voltage range from
279 to 283 V(see spotlighted area). At the other
voltages in the I(P) dependence, the current
decreases very slowly or stays constant with
decreasing pressure, in the pressure range of 40–
70.5 Pa. With further decreases in the pressure
without increasing the voltage, the discharge cur-
rent will drop until the discharge burns out.

5.2. Calculated plasma quantities as a function of
discharge conditions

In the following part, the influence of the current
and pressure on the discharge behavior is analyzed
in more detail. The calculated two-dimensional
profiles of the electron impact ionization rate,
electron density, potential distribution and axial
electric field for different conditions are shown in
Figs. 6–8. Figs. 6 and 7 illustrate the results at
133 Pa and a current of 9 and 1.4 mA, respectively,
which correspond to the region of small and steep
slope, respectively. Fig. 8 shows the results at 40
Pa and 9 mA(small slope). The thick black lines
in the figures represent the cathode walls.

5.2.1. Electron collision rates
For all the conditions analyzed here, the absolute

maximum of the electron impact ionization and
excitation rates were observed near the bottom of
the cathode cylinder in the NG region(Fig. 6a to
Fig. 8a). This is a consequence of the strong axial
and radial electric field in this region, which
creates a flux of electrons with high energy in
both directions. Hence, a large amount of ioniza-
tion will occur, while in the rest of the discharge
only the radial electric field remains strong. At a
pressure of 133 Pa, the excitation and ionization
rate profiles are more or less uniform in the axial
direction along the discharge and they show a peak
in the radial direction in the NG near the CDS–
NG interface for all currents(see Fig. 6a, Fig. 7a).
This can also be observed in Fig. 4, where the
measured spectral lines intensities for ArI 420.07
nm, ArI 750.3 nm and the calculated electron
impact excitation rates as a function of the radial
distance atzs1.5 cm, are plotted for different
currents at 133 Pa pressure(Fig. 4a–c). With
decreasing current, the position of these peaks
shifts toward the cylinder axis because the sheath
length increases. Moreover, the absolute value of
the rates decreases. With decreasing pressure,
(compare Fig. 6a with Fig. 8a), the NG from the
opposite sides of the cathode sidewalls start to
collapse, and at 40 Pa, the collapse is completed,
i.e. there are not two separate peaks at the two
NG–CDS interfaces, but a common peak at the
cylinder axis, corresponding to the best regime for
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Fig. 6. Two-dimensional profile throughout the discharge at a pressure of 133 Pa and a current of 9 mA:(a) the electron impact
ionization rate of the Ar atoms;(b) the slow electron density;(c) the potential distribution; and(d) the axial electric field.

Fig. 7. Two-dimensional profile throughout the discharge at a pressure of 133 Pa and a current of 1.4 mA:(a) the electron impact
ionization rate of the Ar atoms;(b) the slow electron density;(c) the potential distribution; and(d) the axial electric field.
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Fig. 8. Two-dimensional profile throughout the discharge at a pressure of 40 Pa and a current of 9 mA:(a) the electron impact
ionization rate of the Ar atoms;(b) the slow electron density;(c) the potential distribution; and(d) the axial electric field.

the hollow cathode effect(HCE), as mentioned
above(see also Fig. 4d–i).

The ionization processes inside the CDS were
found to be important for all the conditions studied
here, also at the currents corresponding to the
region of the small slope in theV–I characteristic.
This is in contrast to Arslanbekov et al.w13x, who
suggested, based on an analytical model, that for
this region(small slope) the ionization processes
in the CDS can be neglected. The amount of
ionization inside the CDS increases with decreas-
ing current, as the length of the CDS increases,
and it is almost independent of the pressure. For
example, at currents of approximately 10 mA it
was found that 40% of the total ionization events
occur inside the CDS, while for currents of approx-
imately 1 mA, this value increases to 65%.

The rate at which the electrons are transferred
to the slow group is zero in the sheath, where the
electric field is strong and the electrons will remain
fast, because they gain energy from the electric
field. The maximum is reached in the beginning
of the NG both in the axial and radial directions
(not shown here).

5.2.2. Charged particle densities
The electron density in a HCD shows a tendency

to decrease towards the open end of the cathode
w5x, as is shown in Fig. 6b, Fig. 7b and Fig. 8b.
Similar to the electron impact ionization rate pro-
files, described above, it reaches its maximum in
the lower part of the cathode cylinder, near the
cathode bottom, but unlike the rates, this maximum
is found at the cylinder axis for all the conditions,
which is expected for the pressure values under
considerationw5,23,48x.

In almost the entire CDS, the slow electron
density is zero(because of their high mobility),
while the ion density is low and rather constant.
This positive space charge region near the cathode
walls yields the strong electric field in the CDS
(see below).

Both densities begin to increase simultaneously
at the end of the sheath. It is interesting to notice
that the sheath region(indicated by the white
region in the Fig. 6b, Fig. 7b and Fig. 8b) near
the cathode bottom is shorter than at the cathode
sidewalls, which will give rise to a higher axial
electric field at the cathode bottom compared to
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Fig. 9. Calculated plasma potential at the center of the dis-
charge(zs1.5 cm,rs0 cm) as a function of the electric cur-
rent at several pressures.

the radial electric field at the cylinder sidewall
(see below). In the bulk plasma(or NG) the
electron and ion density profiles are almost equal
to each other, yielding a quasi-neutral region.

With decreasing current(compare Fig. 6b with
Fig. 7b) the length of the sheath increases and the
NG is more confined near the axis. Moreover, the
maximum of the density profiles near the bottom
is more pronounced and the density decreases
faster toward the anode region, due to the increase
of the loss of fast electrons to the anode. With the
decrease in pressure(compare Fig. 6b with Fig.
8b), the profile of the densities in the axial
direction show the same tendency as with the
decrease in current as a consequence of the increas-
ing loss of fast electrons to the anode(see also
Fig. 12). Moreover, at the upper part of the
cathode, near the anode, the sheath length increases
compared with its lengths in the rest of the
discharge cavity.

5.2.3. Electric potential
The electric potential distribution throughout the

discharge is shown in Fig. 6c, Fig. 7c and Fig. 8c.
The two characteristic regions of the HCD, i.e. the
sheath and the bulk plasma can be clearly distin-
guished. In the sheath, the potential changes rap-
idly, for example, at 133 Pa(Fig. 6c), from y282
V at the cathode wall, toy10 V at the end of the
sheath. The NG is characterized by a small poten-
tial gradient. It should be mentioned that this
gradient increases with the drop in pressure and in
current, as in the case of ion and electron densities.

At 133 Pa, the plasma potential was found equal
to y4 V at the center of the discharge(Fig. 6c).
With the decrease in current the plasma potential
becomes more negative(e.g.y16 V at the center
of the discharge at 1.4 mA and 133 Pa; see Fig.
7c). Moreover the value of the plasma potential at
the CDS–NG interface also decreases(for ps133
Pa: fromy10 V at Is9 mA to y20 V at Is1.4
mA). The same tendency was observed at other
pressures and the effects were even more pro-
nounced at low pressure. Indeed, at 40 Pa(Fig.
8c), the plasma potential at the discharge center at
Is9 mA was found to be equal toy7 V and at
Is1.4 mA, it was equal toy42 V. In Fig. 9 the
value of the plasma potential at the discharge axis

and atzs1.5 cm is plotted against the discharge
current for all the conditions studied here. It is
important to realize that for a cylindrical HCD the
plasma potential was found to be negative through-
out the entire discharge. However, this is not the
case for all kinds of HCDs, see for example
w29,30x, where segmented HCD and HCD with
planar cathodes were modeled, a positive plasma
potential was found. We think that this difference
is mainly due to the cathode geometry, i.e. in a
cylindrical HCD, the loss of fast electrons and
ions to the anode and to the wall is lower for the
same conditions than in the segmented HCD or a
one with planar cathodes. Hence, in a cylindrical
HCD there is no need for the plasma potential to
be positive in order to guarantee the current bal-
ance as is the case for example in the abnormal
glow discharges with planar electrodes where the
electric potential in the NG is characterized by a
positive valuew25,27x. Also, in Arslanbekov et al.
w13x, it is mentioned that the fraction of ions that
get to the cathode to produce electrons by second-
ary emission in the modified HCD(segmented,
for example) is similar to the abnormal GD and
they considered modified HCD in that way as a
discharge between abnormal GD and conventional
(cylindrical) HCD.

In our experimental work, we were not able to
measure the potential inside the discharge. How-
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Fig. 10. Calculated radial CDS length atzs1.5 cm as a func-
tion of the total current at several pressures.

ever, in Kirichenko et al.w47x, a negative plasma
potential up toy30 V has been measured in a
cylindrical HC discharges for Ar, Ne and He with
cathode materials of Ni, Fe and Mo in a pressure
range of 1.33–1330 Pa and currents from 30 to
200 mA. Also, Pfau et al.w49x have reported a
negative plasma potential for a He–Ni cylindrical
HCD in a pressure range of 100–500 Pa and
currents from 2 to 6 mA.

5.2.4. Electric field
As can be deduced from the potential distribu-

tion, the electric field at the corner of the cylinder
bottom is weaker compared to the field at the
sidewall and bottom center. In Fig. 6d, Fig. 7d and
Fig. 8d the axial electric field profiles are present-
ed. Since the length of the sheath is defined here
as the distance where the electric field gradient
becomes very small in comparison with the field
gradient inside the sheath, it is clear from these
figures that the sheath length increases with
decreasing current(Fig. 6d and Fig. 7d) and with
decreasing pressure(Fig. 6d and Fig. 8d and also
Fig. 10).

The radial electric field is the predominant one
in most of the discharge cavity(except at the
cathode bottom and at the anode region) and it
depends strongly on the radial distance, while it is
almost uniform in the axial direction. In the NG,
the radial electric field changes slightly in the

radial direction(not shown). Kazantsev et al.w50x
have also found the presence of a weak radial
electric field in the NG of a HCD, by means of
polarization spectroscopy.

The axial electric field is strong at the cathode
bottom, especially at the center, where it is a
strong function of the axial distance. In the NG,
the axial electric field changes only a few Vycm
in the entire NG. For example, atps133 Pa and
Is9 mA it changes from 0 toy10 Vycm. This
is in good agreement with the measurement of the
axial electric field in the NG of a HCD carried
out by Helm w17x. With decreasing pressure and
current, the gradient in the axial direction increas-
es, e.g. the axial electric field changes fromy5
V ycm at the bottom CDS–NG interface toy50
V ycm at the cathode end atps40 Pa andIs1.4
mA (not shown here).

At the cathode bottom ‘corners’ and in the
anode region, the axial and radial electric field
shows a strong dependence of the radial as well
as of the axial distance.

5.3. Influence of the bottom and top of the hollow
cylinder

5.3.1. Cathode bottom
In some models, it is assumed that the influence

of the cathode bottom of the HCD is negligible.
In order to test this approximation, we study the
effect of the emission of electrons from the cathode
bottom on the discharge behavior, by comparing
simulation results with and without emission from
the bottom of the cylinder cathode. When the
electron emission from the bottom is not taken
into account, the maxima of the ionization rate
(i.e. ion source term) profiles are shifted in the
axial direction toward the center of the HCD.
Hence, the maximum in the electron and ion
density profiles, the maximum in the radial electric
field and in the radial ion current density are also
shifted in the axial direction toward the HCD
center. When the electron emission from the cath-
ode bottom is considered, all the maxima are found
near the bottom of the HCD(as was shown in
Figs. 6–8). Indeed, as a consequence of the strong
axial and radial electric field near the bottom, a
flux of high-energy electrons is created in both
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Fig. 11. Comparison of the calculated axial slow electron den-
sity profile at the discharge axis with and without taking into
account secondary electron emission from the cathode bottom.

Fig. 12. Calculated fraction of fast electrons reaching the anode
as a function of discharge voltage at several pressures.

directions, increasing the number of electron
impact ionization collisions, leading also to a
maximum in the charged particle densities near
the cathode bottom. We think that the special
sputter and redeposition profiles observed at the
bottom of the HCD ‘cylinder corners’ is also a
consequence of the presence of the strong axial
and radial electric field there and of the fact that
secondary electron emission takes place not only
at the axial wall, but also at the bottom wall.

In Fig. 11, the electron density profile at the
discharge axis is shown with and without taking
into account secondary electron emission from the
cathode bottom. It is interesting to mention that
when the cathode bottom emission is not consid-
ered, the potential distribution in the NG becomes
slightly positive in the upper half of the HC,
whereas when considering the cathode bottom
emission, it remains negative in the entire dis-
charge volume(see Fig. 6c, Fig. 7c and Fig. 8c).

The discharge characteristics in the radial direc-
tion, on the other hand, do not change considerably
with or without taking into account cathode bottom
emission, as is expected.

5.3.2. Anode
Fig. 12 shows the fraction of fast electrons

reaching the anode, as a function of voltage at
four different pressures. At all conditions investi-
gated, this fraction is in the range of 1–6%. Hence,
only a minority of the fast electrons gets lost at

the anode. This fraction increases slightly at
decreasing pressure, voltage and current, explain-
ing why the axial profile of the ionization rate,
and consequently, the charged particle densities
decreases toward the anode, as was mentioned
above. When a fast electron reaches the anode, it
can induce the emission of a new electron, or it
can be reflected or absorbed by the anode wall,
depending on its energy. Most of the fast electrons
that reach the anode are absorbed, i.e. between 80
and 90%.

6. Summary and conclusions

A cylindrical hollow cathode glow discharge
was studied experimentally as well as by means
of a hybrid model. The hybrid model was based
on the coupling of a Monte Carlo model for fast
electrons(which gives the source terms of the
continuity equations and theg coefficient) and a
fluid model for the slow electrons and ions(in
which these continuity equations are solved togeth-
er with the Poisson equation in order to obtain a
self-consistent electric field). The model, as well
as the experiments, were performed in a d.c.
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cylindrical HCD with Ar as filling gas, in a
pressure range from 40 to 133 Pa and a current
varying from 1 to 10 mA; the anode and the
cathode were made both of copper.

Summarizing our results, we can point out the
following: the g coefficient obtained was almost
constant in the range of the reduced electric fields
studied here, with a value of approximately 0.04,
which agrees very well with reported data for a
Cu cathode cleaned by sputtering without flashing.
Moreover, it confirms our assumption that at the
conditions studied here the ions are the main
source of electron emission from the cathode and
that the fundamental process of electron production
is by ionization collisions of electrons with Ar
atoms. The ionization collisions inside the CDS
were found to be important for all conditions
investigated, even at high currents. The maximum
in the profile of the collision rates, the charged
particle densities, the potential and electric field
was found near the cathode bottom of the HCD
cylinder. The plasma potential was found to be
negative for all the discharge conditions investi-
gated. When the emission from the cathode bottom
was not considered, the maxima in the profiles
were axially shifted to the cylinder center and the
plasma potential was found positive at the upper
half of the cylinder cathode. This shows the
importance of considering the cathode bottom in
order to have a more realistic description of the
discharge. The loss of fast electrons to the anode
increases and also the plasma potential becomes
more negative with the decrease in pressure and
in current. The best regime for the hollow cathode
effect to occur was obtained, when at constant
voltage, the current increases with decreasing pres-
sure, i.e. at pressures between 40 and 70.5 Pa and
a current of 2 mA. These conditions are character-
ized in the experimental data by the most intense
light emission, and in our calculations, when the
maximum of the calculated total electron impact
excitation rate is found at the cell axis, i.e. in the
form of a disc shape instead of a ring shape.
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