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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 coefficienfused for the determination of the secondary electron emission coefjiceat
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 obtaie2D02 Elsevier Science B.V. All rights reserved.
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1. Introduction a dark space adjacent to the cathode surface, where
the electric field is strong, which is called the
Hollow cathode discharge€HCD) are used in  cathode dark space€CDS) or sheath, and a rather

a wide variety of applications, for example in luminous part beyond it, where the field is weak
plasma processinéion etching, thin film deposi-  and which is called the negative glow regidiG)
tion, surface treatmep{1], in ion gas laser§2,3, or plasma region. The cathode can be built in
and in spectroscopic analysis, where the hollow different shapes, for example as a spherical seg-
cathode is used as an emission source, allowingment or as a pair of plane parallel plates or as a
direct excitation and analysis of samples and as ahollow cylinder. The anodéor anodey is usually
light source in absorption spectrometry because of pjaced close to the cathode surface at such a
its sharp and intense spectral linis-§]. distance that no positive column can be formed

This kind of glow discharge, which was first 5,4 that the NG can be confined inside the
studied by Paschel®,10, comprises two regions: discharge cavity.

The operating voltage of the HCD is lower than
* Corresponding author. Faxt 32-3-820-23-76. in a glow discharge with single planar cathode for
E-mail address: baguer@uia.ua.ac.li&\. Bague). the same current density. Moreover, the voltage—
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current dependence shows two different regions:
one with a steep slope at low current and the other Z
with a smaller slope at higher current. The most
specific characteristic of the HCD is the so-called
hollow cathode effecf11], i.e. a large increase in 0.2 cm
the current density and light intensity, which is 1 cin
observed when the distance between the opposite \J/
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[12—-14. 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. X
The loss of fast electrons is also considerably
reduced: the fast electrons can oscillate betweenFig. 1. Schematic picture of the cell geometry used in the mod-
opposite cathode surface€pendulum effect) el and in the experiments.
[14,19, 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[4,5,14.
In this paper, we will present our results for a , oqius of 0.5 cm.

cylindrical HCD obtained by a self-consistent g gischarge conditions assumed in the model
numerical simulation and by measurements of the \;are taken from the experiments, i.e. the gas

current—voltage dependence and the light emissionpressyre was varied from 40 to 133 Pa, the
intensity of some Arl spectral lines. Most studies, gischarge current ranged from 1 to 10 mA and a
i.e. analytical models, experiments or mathematical discharge voltage between 240 and 300 V was
simulations dealing with cylindrical HCDs are applied to the cathode, whereas the anode was

focused only on the radial properties of the dis- grounded. The gas temperature was assumed to be
charge, assuming a hollow cathode of infinite at room temperature.

length, and hence, a discharge uniform in the axial

direction [17-23. Here we intend to simulate the 3, Experimental set up

cylindrical geometry of a HCD as realistically as

possible by taking into account the effect of the  The cylindrical HCD with the same dimensions
bottom of the hollow cathode in the discharge as in Fig. 1 was placed in a Pyrex envelope. Both
behavior. We investigate how the light emission anode and cathode were made of high purity
intensities, the rates, densities, potential profiles copper, and high purity argon was used as the

3.0 cm

‘<

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 c(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
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discharge gas. The discharge was operated in d.c4.1. Assumptions of the model
mode and digital multimeters measured the dis-
charge current and the voltage. The background
pressure of the vacuum system was approximately
1.33x10* Pa.

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

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-
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 [33]. 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

controlled the Waveleng.th positioning of the mono- cathode sidewalls and bottom; electron impact
chromator when recording the spectral scans. excitation; and ionization and elastic collision

with ground state Ar atoms. Recombination
4. Numerical model between the positive Ar ions and electrons can

be neglected at our working pressure of 133 Pa

The hybrid model presented here is a combina-  OF less(see below. _
tion of two models: a Monte Carlo and a fluid 4 In order to obtain a better understanding of the
model [24-31. In the CDS, the condition for HCD, the model should be developed at least

equilibrium approach is not fulfilled for electrons in two directions: _

due to the high electric field and the large field ~ ® The direction perpendicular to the cathode
variation over the electron mean free path. Indeed sidewalls, i.e. the radial direction, where the
the energy gained by electrons from the field is pendulum effect occurs. _

not locally balanced by the energy lost through ~ ® The direction parallel to the cathode side-
collisions; hence a flux of high-energy electrons walls, i.e. the longitudinal direction, in which
will enter the NG, producing inelastic collisions. the external d'SCh?‘Tge current will - flow
For these high-energy electrons a microscopic because of the position of the anode at the
model based on a three-dimensional Monte Carlo open end of the cathodig. 1).

method is used in the entire discharlg@heath and

plasma region The slow electrons in the NG and  4.2. Description of the sub-models

the positive ions in the whole discharge are treated

with a classical equilibrium approach, i.e. the fluid 4.2.1. Monte Carlo model

model for collision dominated plasmas. For that, = The Monte Carlo model simulates the trajecto-
the following conditions should be fulfilled32]: ries and collisions of electrons emitted by the
N>\, and 7> 7, i.e. the characteristic length cathode and the ones created within the discharge
(\) and the time(t) over which the plasma gap by ionization[34—-3§. The electrons move
quantities change considerably, should be much under the influence of a spatially dependent elec-
larger than the mean free patth\.) and the tric field through a gas of neutral atoms, assumed
collision time (7). to be at rest in comparison with the high speed of
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the electrons. The position where the secondary The scattering anglg and the azimuthal angle of
electrons are ejected from the cathode walls is scatteringd are calculated using twen and the

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 eV[38].

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

1
X=Xo+ VAt — —E;COSxAf? D
2m
Y=Y +V,Ar— iE sinaAr? 2
=Tty oy om fr
Z=Z,+V At—iE Ar? 3
— 40 Oz 2m fz
1
V.=V, — —E,COxAt (4)
m
1 .
V,=Vg— %EfrsmocAt 5)
1
Vz = VOz - _Eszt (6)
m

where E;, and E;, are the axial and radial electric
field, o is the azimuthal angle of the radial
position, m is the electron massAs is the time
interval andX, ¥, Z (V,, V,, V) and X,, Yo, Z,
(Vow Vo, Vo), are the positiongvelocities after
and beforeAs, respectively.

The probability of collision during the time step
Ar is calculated by: P=1—exp—no(g)As],
wheren is the gas densityy, is the total collision
cross section ands is the distance traveled during
the intervalAz. The cross-sections for the collisions
taken into accounti.e. electron impact ionization,
excitation and elastic collisionsre obtained from
Phelps[39]. This calculated probability is com-
pared with a random numbefrm), uniformly
distributed in the interval between 0 and 1rif<
P, a collision occurs. To determine the kind of
collision a secondn is generated and compared
with the relative probability of each collision. After

each collision, the electron energy is calculated y2y— _

depending on the type of the collision. The new
direction is determined by anisotropic scattering.

differential angular cross section(g x) in the
same way as described in Bogaerts et [88].
However, a new scattering formula was ugéd].
From these angles, the new axial and azimuthal
velocity angles are found by transformation of the
coordinate frame of referend85]. 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 collisiddd].

4.2.2. Fluid model

In the fluid model, the transport of charged
particles is represented by the continuity equations
for ions and slow electron$Egs. (7) and (8),
respectively and by the momentum transfer equa-
tions for ions and slow electronfEgs. (9) and
(10), respectively. In order to obtain a self-
consistent electric field, these equations are cou-
pled with the Poisson equatidkq.(11)]. Because
of the cylindrical symmetry of our discharge cell,

the fluid model is developed in cylindrical

coordinates.

an; e

ar +V']i:Si 7
Continuity equation for ions

Bne =2

51 +V i =Ssiow (8

Continuity equation for slow electrons

7:': _niP«iVV _Divni 9
Flux equation for ions
7: = nt,p,eVV —D€Vnt, (10
Flux equations for slow electrons
e
o (n,—n,) (1D

Poisson equation
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S; and Sq.. are the source terms obtained as
output from the Monte Carlo model, representing
the number of ions and slow electrons created per
unit volume and per unit timeD; and D, are the
ion and electron diffusion coefficientg,; and ..
are the ion and electron mobilities, and n, are
the ion and slow electron densities,and j, are
the ion and electron fluxes and is the electric
potential. The transport coefficients are taken from
reference[26]. 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 densitid25,24.

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

® at the cathodeV= —Discharge voltagey,.=0,
Vn,=0
® at the anodeV=0, n,=0, Vn,=0
The system of equations is solved numerically
following the procedure developed by Passchier
and Goedheej41,49.

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
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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.

flux of fast electrons leaving the cathode is
calculated byj,= — vjican - These results will be
used as input for the Monte Carlo model.
. 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

proposed. Our initial assumption was a linearly cyrrent to the anode in two successive iterations
decreasing electric field in most of the CDS peing smaller than 1%. The total current to the
and a constant electric field in the NG. At the cathode was not taken as a criterion of conver-

both to the cathode bottom and the cathode gfier 5 few iterations.

sidewalls, the electric field was assumed to

have an axial and a radial component and eachs. Results and discussion

component was a function of the radial and the

axial coordinates. The initial distribution of the  5.7. Electrical conditions and emission intensities
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 coefficief)
based on the condition of a self-sustained dis-
charge(see below.

. Secondly, the fluid model is run with the above
source terms. It yields the electric field and the
ion flux toward the cathodé ji...). The new

The measured and calculated current—voltage
dependencéV-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 performedtypically at 5-7 V-1
values per pressureln the calculations, the total
secondary electron emission coefficient, 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 coeffidight
as a function of the reduced electric fidld/n).

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 ranggl2]. Then the condition for

a self-sustained discharge can be written as:

1 . o
72 whereM is the so-called electron multiplication

N. Baguer et al. / Spectrochimica Acta Part B 57 (2002) 311-326

also true in our case. With these valuespfwe
obtained a good agreement between the experi-
mental and calculated-7 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
[39] it was suggested that in this range Bf n,

the total secondary electron emission coefficient
began to deviate from the ion-induced secondary
electron emission coefficient. However, Phelps
[39] deals with cold-cathode discharges in Ar in
normal and abnormal glow modes, where it is
expected that ak/n>10* Td (which corresponds
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 e\{44], 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(¥ee Fig.

2). Hence, heavy particle ionization does not come
into play. Although a cylindrical HCD is also a

coefficient, defined as the amount of electrons kind of glow discharge, it can, due to its distin-

created in the discharge per electron ejected from g ished properties, not be classified as a normal
the cathode due to the ion induced secondary or an abnormal discharge, but it is classified as a

electron emission. In this way was not used as
a fitting parameter like in other worl30], but as

a parameter really reflecting the amount of electron
impact ionization in the discharge.

The obtainedy as a function of the reduced
electric field at the cathode wall, i.e. the ratio of
the electric field,(E) to the gas densityn) 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 at=1.5 cm. The value of
v obtained here varies very little from 0.035 to
0.042, corresponding to a reduced electric field
(E/n) from 5x10° to 2x10* Td, respectively.
This value is in good agreement with the values
obtained by Kruithof[43] for an Ar discharge in

conventional hollow cathode dischardd3]. 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 fofn 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 ofE/n 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

which the copper cathode was cleaned by sputter-that the transition region is not continuous at

ing without high temperature flashing, which is

certain points. This was experimentally checked
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Fig. 4. Comparison of the radial profile of the recorded emission intensity for Arl 420.07 nm, Arl 750.30 nm and of the calculated
electron impact excitation rate of the Ar atomszatl.5 cm, at constant pressui&33 Pa for different currentqa, b andc), and
at constant current for different pressurega2 mA (d, e andf) and at=6 mA (g, h andi), respectively.

many times, to be sure that it was not a systemat- Arl 750.3 nm, which are mainly produced by
ical error in the measurements. In fact, at these electron impact excitatio45]. Fig. 4 shows the
V-I conditions of discontinuity, the light emission measured emission light intensities of some Arl
was most intense, i.e. it looks as if at these lines (Fig. 4a,d,g for Arl 420 nm, and Fig. 4b,e,h
conditions the hollow cathode effect is optimal. for Arl 750.3 nm) and the calculated total electron
Indeed at conditions where the light emission is impact excitation ratéFig. 4c,f,i) as a function of
most intense, the excitation processes are the mostradial position. It is clear that the results of the
efficient [45]. This follows also from our simula- measurements and of the calculations show a
tion results. Indeed, it was found that for all similar shape and also behave similarly as a
pressures analyzed here, the average amount offunction of pressure and current.

excitation per electron emitted by the cathode In Arslanbekov et al[13] and Kirichenko et al.
(M., was maximal at thé/() points correspond-  [47], it was suggested that the optimal discharge
ing to the transition region, which suggests the condition (pressure, current and voltagéor the
most intense light emission. Bearing in mind that occurrence of the hollow cathode effect is reached
the electron impact excitation is the main source when at constant voltage, the current increases
of light in the NG [46], we have measured the with a decrease in pressure, or when at constant
spectral lines of Arl 420.07 nm, Arl 603.2 nm and current, the discharge voltage drops with a
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decrease in pressure. In order to check this, we 5.2. Calculated plasma quantities as a function of
plotted the current—pressure depende(féig. 5). discharge conditions

It appears that in our discharge, this happens for a

pressure between 40 and 70.5 Pa and for a current In the following part, the influence of the current
of approximately 2 mA(see also Fig. 2 Hence, and pressure on the discharge behavior is analyzed
at these conditions, the intensity of the spectral in more detail. The calculated two-dimensional
lines should be maximal, as can indeed be Profiles of the electron impact ionization rate,
observed in the second and third row of Fig. 4, €lectron density, potential distribution and axial
where the spectral line intensities and the calculat- €lectric field for different conditions are shown in
ed electron impact excitation rate obtained for Figs. 6—8. Figs. 6 and 7 illustrate the results at
discharge currents of 2 and 6 mA are plotted at 133 Paand a current of 9 and 1.4 mA, respectively,
different pressures. For both currerf and 6 which correqund to t'he region of small and steep
mA) the maximum intensities of the spectral lines, slope, respectively. Fig. 8 shows_the result_s at 40
as well as the maximum of the electron impact Pa and 9 mA(small slope. The thick black lines

excitation rate, were obtained at a pressure of 40 in the figures represent the cathode walls.
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 i.n the voltage range from .o .athode cylinder in the NG regidfig. 6a to
279 to 283 V(see spotlighted ar¢aAt the other  rig gg This is a consequence of the strong axial
voltages in thel(P) dependence, the current anq radial electric field in this region, which
decreases very slowly or stays constant with creates a flux of electrons with high energy in
decreasing pressure, in the pressure range of 40—oth directions. Hence, a large amount of ioniza-
70.5 Pa. With further decreases in the pressuretion will occur, while in the rest of the discharge
without increasing the voltage, the discharge cur- only the radial electric field remains strong. At a
rent will drop until the discharge burns out. 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—
10 - NG interface for all currentésee Fig. 6a, Fig. 7a
This can also be observed in Fig. 4, where the
measured spectral lines intensities for Arl 420.07
nm, Arl 750.3 nm and the calculated electron
impact excitation rates as a function of the radial
distance atz=1.5 cm, are plotted for different
currents at 133 Pa pressuf&ig. 4a—9. 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. 8athe NG from the
0 40 e 80 100 120 140 opposite sides of the cathode sidewalls start to
P [Pa] collapse, and at 40 Pa, the collapse is completed,
i.e. there are not two separate peaks at the two

Fig. 5. Calculated and measured current—pressure dependencé\lc-?_‘—CDS interfaces, bUt_ a common peak_ at the
at constant voltage. cylinder axis, corresponding to the best regime for

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
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Fig. 8. Two-dimensional profile throughout the discharge at a pressure of 40 Pa and a current of(8) e electron impact
ionization rate of the Ar atomg}o) the slow electron densityc) the potential distribution; an€d) the axial electric field.

the hollow cathode effec(HCE), as mentioned  5.2.2. Charged particle densities
above(see also Fig. 4di The electron density in a HCD shows a tendency

The ionization processes inside the CDS were to decrease towards the open end of the cathode
found to be important for all the conditions studied [5], as is shown in Fig. 6b, Fig. 7b and Fig. 8b.
here, also at the currents corresponding to the Similar to the electron impact ionization rate pro-
region of the small slope in thé—I characteristic.  files, described above, it reaches its maximum in
This is in contrast to Arslanbekov et 4l.3], who the lower part of the cathode cylinder, near the
suggested, based on an analytical model, that for cathode bottom, but unlike the rates, this maximum
this region(small slopé the ionization processes is found at the cylinder axis for all the conditions,
in the CDS can be neglected. The amount of which is expected for the pressure values under
ionization inside the CDS increases with decreas- considerations,23,4§.
ing current, as the length of the CDS increases, In almost the entire CDS, the slow electron
and it is almost independent of the pressure. For density is zero(because of their high mobilily
example, at currents of approximately 10 mA it while the ion density is low and rather constant.
was found that 40% of the total ionization events This positive space charge region near the cathode
occur inside the CDS, while for currents of approx- walls yields the strong electric field in the CDS
imately 1 mA, this value increases to 65%. (see below.

The rate at which the electrons are transferred Both densities begin to increase simultaneously
to the slow group is zero in the sheath, where the at the end of the sheath. It is interesting to notice
electric field is strong and the electrons will remain that the sheath regioindicated by the white
fast, because they gain energy from the electric region in the Fig. 6b, Fig. 7b and Fig. Bmear
field. The maximum is reached in the beginning the cathode bottom is shorter than at the cathode
of the NG both in the axial and radial directions sidewalls, which will give rise to a higher axial
(not shown here electric field at the cathode bottom compared to



N. Baguer et al. / Spectrochimica Acta Part B 57 (2002) 311-326 321

the radial electric field at the cylinder sidewall 0-

(see below. In the bulk plasma(or NG) the 1 I S T
electron and ion density profiles are almost equal ] e _~
to each other, yielding a quasi-neutral region. -10 1 f7’7/v/

With decreasing currercompare Fig. 6b with 5] 7 —v—400 Pa
Fig. 7b) the length of the sheath increases and the = _ 1 —+—705 Pa
NG is more confined near the axis. Moreover, the g 207 —*—101.0Pa
maximum of the density profiles near the bottom & -257 TR0
is more pronounced and the density decreases~ 35| *
faster toward the anode region, due to the increase ]
of the loss of fast electrons to the anode. With the ] /
decrease in pressuf@ompare Fig. 6b with Fig. “t
8b), the profile of the densities in the axial 0 1 2 3 4 5 & 7 8 9 10
direction show the same tendency as with the I [mA]

decrease in current as a consequence of the increas-

ing loss of fast electrons to the anodgee also Fig. 9. Calculated plasma potential at the center of the dis-
Fig. 12. Moreover, at the upper part of the charge(z=1.5 cm,r=0 cm) as a function of the electric cur-
cathode, near the anode, the sheath length increase€"t & several pressures.

compared with its lengths in the rest of the

discharge cavity. and atz=1.5 cm is plotted against the discharge
current for all the conditions studied here. It is
5.2.3. Electric potential important to realize that for a cylindrical HCD the

The electric potential distribution throughout the Pplasma potential was found to be negative through-
discharge is shown in Fig. 6¢c, Fig. 7c and Fig. 8c. out the entire discharge. However, this is not the
The two characteristic regions of the HCD, i.e. the case for all kinds of HCDs, see for example
sheath and the bulk plasma can be clearly distin- [29,3d, where segmented HCD and HCD with
guished. In the sheath, the potential changes rap-planar cathodes were modeled, a positive plasma
idly, for example, at 133 PéFig. 60), from —282 potential was found. We think that this difference
V at the cathode wall, to-10 V at the end of the IS mainly due to the cathode geometry, i.e. in a
sheath. The NG is characterized by a small poten- cylindrical HCD, the loss of fast electrons and
tial gradient. It should be mentioned that this ions to the anode and to the wall is lower for the
gradient increases with the drop in pressure and in same conditions than in the segmented HCD or a
current, as in the case of ion and electron densities.one with planar cathodes. Hence, in a cylindrical

At 133 Pa, the plasma potential was found equal HCD there is no need for the plasma potential to
to —4 V at the center of the dischard€&ig. 60). be positive in order to guarantee the current bal-
With the decrease in current the plasma potential ance as is the case for example in the abnormal
becomes more negative.g. —16 V at the center  glow discharges with planar electrodes where the
of the discharge at 1.4 mA and 133 Pa; see Fig. electric potential in the NG is characterized by a
7¢). Moreover the value of the plasma potential at positive value[25,27. Also, in Arslanbekov et al.
the CDS—NG interface also decreasts p=133 [13], it is mentioned that the fraction of ions that
Pa: from—10 V at/=9 mAto —20 V at/=1.4 get to the cathode to produce electrons by second-
mA). The same tendency was observed at otherary emission in the modified HC¥segmented,
pressures and the effects were even more pro-for example is similar to the abnormal GD and
nounced at low pressure. Indeed, at 40 (Fay. they considered modified HCD in that way as a
8c), the plasma potential at the discharge center at discharge between abnormal GD and conventional
I=9 mA was found to be equal te-7 V and at (cylindrical) HCD.

I=1.4 mA, it was equal to—42 V. In Fig. 9 the In our experimental work, we were not able to
value of the plasma potential at the discharge axis measure the potential inside the discharge. How-
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radial direction(not shown. Kazantsev et al[50]

0,40
MR have also found the presence of a weak radial
0354 —e—101.0Pa electric field in the NG of a HCD, by means of
= . —®—133.0Pa polarization spectroscopy.
= 0,30 N The axial electric field is strong at the cathode
= \. \ bottom, especially at the center, where it is a
& 0251 strong function of the axial distance. In the NG,
) 020 the axial electric field changes only a few/¥m
s > — in the entire NG. For example, at=133 Pa and
8 0151 \\ I=9 mA it changes from 0 to-10 V/cm. This
' e is in good agreement with the measurement of the
o0 axial electric field in the NG of a HCD carried
6 1 2 3 4 5 6 7 8 g 10 out by Helm[17]. With decreasing pressure and
1 [mA] current, the gradient in the axial direction increas-

es, e.g. the axial electric field changes fronb
Fig. 10. Calculated radial CDS lengthat1.5 cm as a func- V/cm at the bottom CDS—NG interface te50

tion of the total current at several pressures. V /cm at the cathode end at=40 Pa and=1.4
o . mA (not shown here
ever, in Kirichenko et al[47], a negative plasma At the cathode bottom ‘corners’ and in the

potential up to—30 V has been measured in a anode region, the axial and radial electric field
cylindrical HC discharges for Ar, Ne and He with  shows a strong dependence of the radial as well
cathode materials of Ni, Fe and Mo in a pressure as of the axial distance.

range of 1.33—-1330 Pa and currents from 30 to

200 mA. Also, Pfau et al[49] have reported a  5.3. Influence of the bottom and top of the hollow
negative plasma potential for a He—Ni cylindrical cylinder

HCD in a pressure range of 100-500 Pa and

currents from 2 to 6 mA. 5.3.1. Cathode bottom
In some models, it is assumed that the influence
5.2.4. Electric field of the cathode bottom of the HCD is negligible.

As can be deduced from the potential distribu- In order to test this approximation, we study the
tion, the electric field at the corner of the cylinder effect of the emission of electrons from the cathode
bottom is weaker compared to the field at the bottom on the discharge behavior, by comparing
sidewall and bottom center. In Fig. 6d, Fig. 7d and simulation results with and without emission from
Fig. 8d the axial electric field profiles are present- the bottom of the cylinder cathode. When the
ed. Since the length of the sheath is defined here electron emission from the bottom is not taken
as the distance where the electric field gradient into account, the maxima of the ionization rate
becomes very small in comparison with the field (i.e. ion source term profiles are shifted in the
gradient inside the sheath, it is clear from these axial direction toward the center of the HCD.
figures that the sheath length increases with Hence, the maximum in the electron and ion
decreasing currerffFig. 6d and Fig. 7d and with density profiles, the maximum in the radial electric
decreasing pressufg&ig. 6d and Fig. 8d and also field and in the radial ion current density are also
Fig. 10. shifted in the axial direction toward the HCD

The radial electric field is the predominant one center. When the electron emission from the cath-
in most of the discharge cavityexcept at the  ode bottom is considered, all the maxima are found
cathode bottom and at the anode regi@md it near the bottom of the HCOas was shown in
depends strongly on the radial distance, while it is Figs. 6—8. Indeed, as a consequence of the strong
almost uniform in the axial direction. In the NG, axial and radial electric field near the bottom, a
the radial electric field changes slightly in the flux of high-energy electrons is created in both
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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
35 and 90%.

8x10"" 7

with
------ without

7x10"' 4
6x10"" 4
5x10 "' 4
4x10"" 4

3x10"' 4

n(z,0) [em?|

2x10"' 4

1x10"" 4

z [em]

Fig. 11. Comparison of the calculated axial slow electron den- 6. Summary and conclusions
sity profile at the discharge axis with and without taking into
account secondary electron emission from the cathode bottom.

A cylindrical hollow cathode glow discharge
directions, increasing the number of electron was studied experimentally as well as by means
impact ionization collisions, leading also to a of a hybrid model. The hybrid model was based
maximum in the charged particle densities near on the coupling of a Monte Carlo model for fast
the cathode bottom. We think that the special electrons(which gives the source terms of the
sputter and redeposition profiles observed at the continuity equations and the coefficiend and a
bottom of the HCD ‘cylinder corners’ is also a fluid model for the slow electrons and ior(@n
consequence of the presence of the strong axialwhich these continuity equations are solved togeth-
and radial electric field there and of the fact that o, with the Poisson equation in order to obtain a
secondary electron emission takes place not only ga|f.consistent electric fie)d The model, as well

at the gxial wall, but also at the pottom _waII. as the experiments, were performed in a d.c.
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- £ 77
ered, the potential distribution in the NG becomes 3 v V400 Pa
slightly positive in the upper half of the HC, 5 °] ijgfo:
whereas when considering the cathode bottom 3 5| —=—133.0Pa
emission, it remains negative in the entire dis- 3§ *
charge volumdsee Fig. 6¢, Fig. 7c and Fig. Bc g 4 * \

The discharge characteristics in the radial direc- § .\. ]
. . = 34 Y
tion, on the other hand, do not change considerably & \ —
with or without taking into account cathode bottom % 2 '\.\_\j\
emission, as is expected. 5 ¢

5 1

5.3.2. Anode § 0 .

Fig. 12 shows the fraction of fast electrons 240 250 260 270 280 290
reaching the anode, as a function of voltage at vV V]

four different pressures. At all conditions investi-

gated, thi_s fré}Ction is in the range of 1-6%. Hence, Fig. 12. Calculated fraction of fast electrons reaching the anode
only a minority of the fast electrons gets lost at as a function of discharge voltage at several pressures.
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cylindrical HCD with Ar as filling gas, in a  A. Bogaerts is indebted to the Flemish Fund for
pressure range from 40 to 133 Pa and a currentScientific ResearcHFWO) for financial support.
varying from 1 to 10 mA; the anode and the This research is also sponsored by NATO’s Sci-
cathode were made both of copper. entific Affairs Division in the framework of the
Summarizing our results, we can point out the Science for Peace Programme, by the EC Thematic
following: the y coefficient obtained was almost Network on Glow Discharge Spectroscopy for
constant in the range of the reduced electric fields Spectrochemical ~Analysis (SMT4-CT98-7517
studied here, with a value of approximately 0.04, and by the Federal Services for Scientific, Cultural
which agrees very well with reported data for a and Technical Affairs of the Prime Minister's
Cu cathode cleaned by sputtering without flashing. Office through IUAP IV (Conv. P410). The
Moreover, it confirms our assumption that at the eyperimental studies have been carried out at the
conditions studied here the ions are the main Research Institute for Solid State Physics and
source of electron emission from the cathode and gptics, Budapest, Hungary. We would like to thank
that the fundamental process of electron production Donko, K. Kutasi, P. Hartmann, G. Bano for
is by ionization collisions of electrons with Ar 4 help in the measurements and especially Z.
atoms. The ionization collisions inside the CDS ko for reading the manuscript and for the
were found to be important for all conditions interesting and helpful discussions.
investigated, even at high currents. The maximum
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