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To improve the analytical results of techniques that use
the glow discharge as spectroscopic source, a good insight
imto the glow discharge is desirable. This can be obtained
by mathematical modeling. In this work, a two-dimen-
sional model is developed to describe the electrons, argon
ions, and fast argon atoms in a direct current glow
discharge in argon. The model consists of a Monte Carlo
model for the fast electrons, a Monte Carlo model for the
argon ions and fast argon atoms in the cathode dark
space, and a fluid model for the argon ions and slow
electrons. Results in two dimensions are presented for
a standard flat cell of the VG 2000 glow discharge mass
specirometer (VG Elemental, Fisons); they include the
densities, mean energies, and collision rates of the plasma
species, the potential distribution, and the axial and radial
electric fields.

Glow discharges are gaining increasing interest as spectro-
scopic sources for mass spectrometry, optical emission spectrom-
etry, and alomic absorption spectrometry.'? For pood analytical
practice, & thorough understanding of the glow discharge is
required. This can be attempled by mathematical modeling. Glow
discharges have been described by different kinds of models, ie,
fuid models, 2 Boltzmann models,'*-%* and Monte Carlo
simulationz 1% The Monte Carlo approach is the most accurate
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one, because it describes the plasma particles on the lowest
microscopical level, taking explicitly into account the energy losses
by collisions and the energy gain from the electric field. This is
especially required for the electrons since these species are not
in hydrodynamic equilibrium, which means that they gain more
energy from the strong electrie Geld in the cathode dark space
than they lose by collisions. However, the Monte Carlo model
on its own is not 2 self-consistent method, i.e., a particular electric
field is applied to the discharge to caleulate the transport of the
charged particles, but this electric field is not necessarily the same
as the one that would be obtained from the charged particle
densities through the Poisson equation. Self-consistent results
can, however, be achieved in so-called hybrid models. ™ These
account for the nonequilibrium nature of the fast electrons by
treating them with Monte Carlo or Boltzmann models, whereas
the gas ions and slow electrons are described seli-consistently
with the electric field in a fluid model.

In this work, a two-dimensional scli-consistent hybrid model
is developed for the direct current glow discharge in argon. The
electrons are split up in a fast group and a slow group. The fast
electrons are described with Monte Carlo simulations, whereas
the slow electrons and the argon jons are modeled with a fluid
approach. Moreover, since the argon ions are not in hydro-
dynamie equilibrium with the strong electric field in the cathode
dark space (CDS) of the glow discharge, they are also treated in
this region with a Monte Carlo model, together with the fast argon
atoms that are created by charge transfer and elastic collisions of
the argon ions. Hence, the complete hybrid model consists of
() a Monte Carlo model for the fast electrons in the entire
discharge, (i) a Monte Carlo model for the argon jons and fast
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analyzing flat samples in the VG 9000 glow discharge mass
spectromater (VG Elemental, Fisons). 1, Sample (cathoda); 2,
sample holder (at cathode potential); 3, insulator, 4, front plate (at
anode potential), 5, cell house (anode); 6, argon gas inlet; 7, exit sit
I the mass spectramalar.

argon atoms in the CDS, and (i) a fluid model for the slow
electrons and argon jons in the entire discharge. These models
were already developed earlier in one dimension®™*% byt are here
extended to two dimensions (three dimensions because of
cylindrical symmetry) in order to obtain the results in the complete
threedimensional geometry. Typical results inchde the densities,
fluxes, and energies of the different plasma species and informa-
ton about their collision processes, as well as the self-consistent
eleetric field and potential distribution throughout the discharge,
Results will be shown for typical discharge condiions and for a
standard cell of the VG 9000 glow discharge mass spectrometer
(VG Elemental, Fisons)., The present results concern only the
electrons, argon jons, and fast atoms (Le., the so-called plasma
species) and not yet the sputtered (anabytically important) species,
However, the present results are required for calculating the
behavior of the sputtered species, which will be dealt with in a
leter work.

DESCRIPTION OF THE MODELS

A. Model Assumptions. The discharge geometry to which
the models are applied is that of a standard discharge cell of the
Vi 9000 glow discharge mass spectrometer (VG Elemental,
Fizons) for analyzing flat samples, the so-called new flat celP (see
Figure 1). It is, however, assumed that the glow discharge cell
is in & closed configuration, without argon gas inlet and without
exit slit to the mass spectrometer. This means that there is no
gas flow and that the argon gas is more or less at rest, uniformiy
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distributed throughout the cell. Besides the argon gas atoms at
rest (Ar), the medels assume that the plasma also consists of
singly charged positive argon fons (ArY), fast arpon atoms
(Ar}), fast electrons and slow electrons {definitions of fast and
slow are given below). Species of the cathode material (copper)
are in the first instance neglected, since it has been shown® that
they are only of minor importance for the description of the
discharge as such. Indeed, it is calculated that the copper atom
demisiurdemolmﬁmde!mmmmcmnm
density, and the copper ion density is found to be only a few
percent of the argon fon density, Since the glow discharge cell
is cylindrically symmetrical, the three-dimensional geometry can
be reduced to two dimensions. The explicit treatment of the
particles in the Monte Carlo models is, however, carried out in
three dimensions,

B. Fast Electron Monte Carlo Model. The electrons start
at the cathode with energies of 4 eV ® ereated by iondnduced
secondary electron emission. The flux of electrons starting at
the cathode is determined from the fluid model (see below). The
electrons are followed throughout the whole three-dimensional
discharge, one after the other. By following 2 large number of
electrons, statistically valid results can be obtpined. During
successive imesteps (Ad), the trajectory is caleulated by Newton's
laws:
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where 2, %, % and z, x, y are the position coordinates before and
after Af, vy, By, by, and g, o, v, are the velocities before and after
Al, &g and Gy are the adal and radial electric fields, o is the
azimuthal angle of the radial position (i.e., the angle of the radial
position coordinates with respect o the raxis), and g and m are
the electron charge and mass, respectively. The probability (P
of collision during that time step is calculated with eq 2 and
compared with a random number between 0 and 1:

P=1- exp{—Aso, ) (2

where # is the argon gas density, o is the total collision cross
section, and As is the distance taveled during At If the
probability is lower than the random number, then no collision
takes place, and the electron is followed during the next time step.
If the probability is higher, a collision takes place. Collision
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Flgure 2. Cross sections of the different callision processes with
argon aloms, incorporated in the model, a5 a function of the particle
energies. The solid lines (—) ropresen! slectron colisians (1,
alastic:®4" 2, edectron impact ionization;™® 3, electron impact excita-
tion™). The small dashed lines (- - -) rapresent a&rgon jon collissans
(4, charge transfer;®? 5, elastic;*® , lonization;** 7, excitation*?). Tne
wider dashed lnes (— — —) represent the argon atom collisions (8,
elastic;*? 8, jonization;*3 10, excitation*),

processes incorporated in the model are electron Enpact ionization,
excitation, and elastic collisions. The cross sections of these
processes as a function of the electron energy are obtained from
rufalﬁ.ﬁﬂ—ﬂmdarere;uﬂmtzdhﬁgmﬂ{mﬁdﬁn&e}.ﬁ
determinewhichkindoiml]iimtakupm.ﬂmplrﬁalmlﬁaim
pmbahiﬂﬁtﬂarecahﬂamd.mdthnmmladﬁﬁmpmhhiit}riﬁ
whdividndhimenralnwithlmgﬂmmwpundjngmmmmﬁal
probabilities. A second random mumber is genersted, and the
interval in which this random number falls determines the kind
of collision that takes place. The new energy and three-
dimensional direction (agdmuthal and axial angles) after collision
are also determined by random numbers. After the collision, the
electron is followed during the next time step, and the procedure
is repeated. In the electron impact jonization collisions, new
electrons are created, which are also followed, one after the other,
Moreover, by the ion and atom impact ionization processes in
the CDS (see below), new electrons are formed as well, which
are also introduced into the electron Monte Carlo model. When
the electrons in the negative glow (NG) have energies lower than
the excitation threshold of argon (~12 eV}, they cannot produce
'mdmﬁcmllshnsmmemﬂamhemnnhmuinmt
as fast electrons, Therefore, they are transferred to the slow
electron group at a rate corresponding to a cross section af 105
e’ ® A more detailed description of the physics and mathematics
of this model can be found in refs 25 and 24,

C. Argon lon and Fast Argon Atom Monte Carlo Model,
The argon jons and fast angon atoms are treated with a Monte
Carlo model in the CDS, The flux of argon ions starting at the
interface between CDS and NG is obtained from the fluid model
{see below). The argon ions can also start within the CDS, when
they are created by electron impact ionization. Their fluy is
(39 Eggarter, E. [. Chem, Pigs. 1975, 62, 833847,

(40 Fon, W, C.; Berrington, K. A: Barke, P. G Hibbert, A [ Phw. B 1083,
18, 307321,
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determined from the fast electron Monte Carlo model (e, by
the electron impact jonization rates). The jons are followed, one
after the other, throughout the entire CDS. Their trajectory is
also caleulated by Newton's laws (see eqs 1), and the probability
of collision is calculated by eq 2. Collislon processes taken inte
consideration are symmetric charge transfer, elastic collisions, and
ion impact ionization and excitation. The cross sections of these
processes as a function of the lon energy are adapted from refs
42 and 43 and are given in Figure 2 (small dashed lines). In the
charge transfer and elastic collisions, fast argon atoms are created,
These are also followed throughout the CDS. Their collision
processes comprise elastic collisions and atom Impact ionization
and excitation. The cross sections as a function of the atom
energy are also taken from refs 42 and 43 and are presented in
Figure 2 (wide dashed lines). In the ion and atom impact
ionization processes, new jons are created, which are in tum
followed throughout the CDS. For a complete description of this
model, see refs 34 and 35,

. Slow Electron and Argon lon Fluid Model, The motion
of ions and slow electrons is assumed o be collision dominated
and described by diffusion and migration in the electric feld. The
relevant equations are the continuity equations of ions and
electrons (eqs 3 and 4, respectively), the flux equations hased on
diffusion and migration of ions and electrons (eqs 5 and 6,
respectively), and the Poisson equation (eq 7):

ont; i
il e (3)
&"'r. L
5t T V=1, 4
5= —un V- DiVn, ()
Je=pun, V= D.n, (6)
&
7EV+;[ni no—m ) =0 {7

where m; and n, are the jon and slow electron densities, & and j.
are their fluxes, V is the electrical potential, m, s is the fast
electron density, which is taken from the electron Monte Carlo
model, and » and r. are the creation rates of jons and slow
electrons, which also result from the Monte Carlo model. Finally,
Iy, Dy, piy, and g, are the jon and eleciron diffusion coeffcients
and mobilities. Their numerical values are assumed to be® [, =
100 em? 5, D =2 = 1P cm? s, and . = 2 = 10F cp? 57! V-
at 1 Torr and 298 K. is given by the Frost formmla®

My

O T RIETn &)

where g = 7.36 » 104 em 2 V-1, = 1420 em?® 571 V-1 2t 1 Torr
and 298 K, & is the electric field, and » is the argon gas atom
density,
T'heﬁwcmaﬁunsmbcmdumdmﬂwemﬁmshy
inserting eqs 5 and 6 inlo eqs 3 and 4, respectively. Boundary
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{43) Phelps, & V. | Plos. Chews, Ref. Dote 1091, 20, 557573,
{44) Frost, L 5. Piys, Rev, 1957, 105, 254356,
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Figure 3. Flow chart of the combined models.

conditions of these equations are ¥V = —V, at the cathode wall
and ¥ = ) gt the anode walls, 8, = 0 at all walls, and ¥ = O at
all walls! Dwue to the strong coupling and nonlineanty of these
equations, solving the fluid mode] is a difficult rumerical problem
The method we used was developed by Passchier and Goedheer 34
It is a fully implicit method based on the Scharfetter—Gummel
exponential scheme for the transport equations 54545 The basic
idea is that the particle flux is assumed constant between mesh
points, instead of the densities, The advantage of this scheme is
itz ability to switch between situations where either the drift
component or the diffusion component of the particle o is
dominant (i.e., high and low clectric field, CDS and NG). More
details about the solation method can be found in refs 3, 4, and
.

E. Combination of the Models. The different models are
coupled to cach other and solved by an iterative procedure {see
Figure 3). The procedure starts with the fluid model, assuming
arbitrary ion and slow electron creation rates {f, fead . Resulis
of the fhuid model are, among others, (i) the axial and radial
electric field distributions throughout the discharge (&g and S,
(i1) the interface between CDS and NG for all radial positions
{d.(r), defined as the pesition where the potential goes through
zero), (iii) the ion flux entering the CDS (fi4(r), and @v) the jon
flux bombarding the cathode (f,(r), both as functions of radial
position. ‘This information is used in the Monte Carlo models.
From the ion fhe bombarding the cathode, the electron flux
starting at the cathode as a functon of the radial position is
obtained: f.u(r) = —falFy, where y is the ion-induced secondary
electron emission coefident (see below). The fast electron Monte
Carle mode] is calenlated, as described in section B. This model
yiekds, among others, the ionization rate (e, the creation rate of
ions) by electron impact as a function of axial and radial positions
{Funize(2.4). This is used in the argon jon and fast atom Monte

(45) Gummel, H. K. [EEE Trans. Elactron, Devices 1964, 11, 455465
{45) Scharfetter, D. L; Gummel, H. K. [EEE Troms. Electom, Devices 194649, 16,
=TT,

Carlo mode] as the number of ions created in the CDS. The ion
flux starting at the interface between CDS and NG as a function
of radial position is obtained from the fluid model. Outputs of
the ion/atom Monte Carlo model are, among others, the ion and
atom impact ionization rates (i.e., the creation rate of electrons,
Fenieisa@A). Next, the fast electron Monte Carlo model is
calculated again, incorporating these electrons formed by jon and
atom impact jonization. With the new creation rate of ions (Le.,
by electron impact ionization), the ion/atom Monte Carlo model
is again calculated. This is repeated until convergence is reached
{Le., when the jon flux bombarding the cathode, calculated in the
ion/atom Monte Carlo model, does not change anymore). This
ia generally achieved after two or three iterations,

The creation rate of the slow electrons (Fouw). resilting from
the electron Monte Carlo model, and the jon creation rates (r,,),
calculated in the fast electron and ion/atom Monte Carlo models,
are used as inpuis in the fluid model This vields new axial and
radial eleciric field distributions, a new interface between CDS
and NG, and new ion fluxes entering the CDS and bombarding
the cathode. This information is again put into the Monte Carlo
models. The whole procedure is repeated until final convergence
is reached (ie., generally after 5— 10 iterations). The caleulations
were performed on a Sun Sparcserver 20 workstation. The
solution of the coupled equations in the twodimensional fuid
model requires about 3 h, whereas the Monte Carlo models
typically take each about 10 min in simulsting about 10 000
particles.

RESULTS ANMD DISCUSSION

Results will be presented for an argon dischange with a copper
cathode (y = 0.083, from ref 47) at typical discharge conditions
of 75 Pa and 1000 V. The gas temperature is assumed to be 360
K

Figure 4 shows the density profiles of the plasma species. The
argon ion density (Figure 4a) is nearly constant e, shghtly lower
than 10" cm™) in the CDS but increases rapidly in the NG. Its
maximum lies halfway throogh the dischange (in the adal as well
as in the radial directions) and takes a valoe of about 5.5 = 101
cm®, It decreases gradually toward the walls. The slow electron
density (Figure 4b) is zero in the CDS and nearly equal to the
argon ion density in the NG. This resulis in a net positive space
charge in the CDS and nearly charge neutrality in the NG.
Moreover, close to the anode side walls and back plate, the argon
iun density is also slightly higher than the slow electron density,
resulting in a slight positive space charge there as well Eleciron
densities have been measured in the Berature, and vahies have
been reported of the order of 108 cm? for a sheway cross glow
discharge®® and about 109—10% em? for a Grimm-type glow
discharge % The Grimmdiype discharge operates at much
higher pressures and carrents, and a higher electron density is
therefore expected. Cur obtaned results are, however, in reason-
ahly pood agreement with the vahes reported for the six-way cross

{47) Oechsner, H. Pl Rev. B 1978, 17, 10621056,

[48) Fang, D; Marcus, B K Spectrockim. Aca 1990, £58, 10531074,
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(50) Biger, P. A Z. Natwrforsch. A 1975, 30, 216222,
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J58, 287285,
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4TH, 1173-1186.
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Figure 4. Dansity profilas of the argon ions (a), slow electrons (b), and fas! electrons (o) throwghout the: discharge and of the ias! argon aloms

{d} in the CDS ai 75 Pa, 1000 V, 3.4 mA.

glow discharge, which eperates at more or less similar discharge
conditions, The fast electron density (Figure 4c) reaches a
maximim slightly closer to the cathode and is about 4 orders of
magnitude lower than the argon ion and slow electron densities.
Hence, it does not contribute to the space charge. The fast argon
atom density (Figure 4d, only presented in the CDS since its
density is zero in the NG) reaches a madimum of about 6 = 101
em? close to the cathode, The density of the fast argon atoms
is negligible compared to the overall argon atom density (Le., ~L5
= 10% em~T), so it can be said that the argon ga= is more or less

Analytical Chemistry, Vol, 88, No. 14, July 15, 1996

at rest. It can be seen in Figure 4 that the calculated species
densities are almost 2ero behind the front plate (see Figure 1 for
the position of the front plate). Indeed, this region does not really
take part in the glow discharpe plasma, sinee the distance between
cathode and front plate is smaller than one CDS length (which is
the necessary condition for a glow discharge to be created).
Figure 5 shows the potential distribution throughout the
discharge. The potential is — 1000 'V at the cathode. It ncreases
rapidly in the CDS and reaches zero about 024 cm from the
cathode. This is defined as the interface between CDS and NG.
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Flgure 8. Potential distriibution thraughout the discharge at 75 Pa,
1000 V, 3.4 mA.

Hence, the total voltage applied to the glow discharge cell falls
off in the CDS, Since the front plate of the cell is akso at anode
patential, and since the charged particle densities are almost zero
behind the front plate (see Figure 4), the potential drops nearly
linearly in this region. The potential reaches a small positive value
in the NG (of the order of 9.5 V at maximum), which is called the
plaseia potential, and retums to zero at the anode side walls and
back plate. Hence, the plasma does not take a potential interme-
diate between cathode and anode but is the most positive region
of the discharge.
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Figure 6, parts a and b, represents the axial and radial electric
fields, respectively, Due to the large potential drop in the CDS,
the axial field (Figure 64) in this region is rather high. It reaches
values of about ~7.5 kV/cm at the cathode and decreases almost
linearly toward the NG. It goes through zero halfway through
chdfmhﬂrg:andmwmﬂighthrhigh:rﬂmm
¥/cm at the anode hack plate, There is almost no radial gradient
in the axial electric field in the NG, i.e., the axial electric field is
only a function of the axial position. Behind the front plate, a
vﬂ-ylﬁghniamacﬁcﬁeldkuhsened.duzmmehrgnpotmﬁal
drap over a very short distance., The radial electric field (Figure
Eh]hrﬂherhighchmhthfﬁumvhwdmmﬂmhrgtputemia]
drop between cathode and front plate, It reaches values of shout
—IUkammwchumme&nmmmdtﬂm&anﬁdb
toward the cell axis. At about 0.1 cm from the cell axis, the radial
electric field takes slightly positive values in the CDS (20 V/em
it maximum). It decreases again to zero at the cell axis. In the
NG, the radial electric field is only small, but it increases toward
the side walls, reaching values of about 100 V/em at the walls,
Similarly, there is almost no axial gradient in the radial electric
ﬁc}dmtheNG.umptclueemlhemudehadplm, Generslly,
the electric fields at the cell walls (i.e., about 7.5 kV /em at the
Eﬂmde.mdahwtlﬂﬂ'ﬁmalﬂ!&lwdewxﬂn]mmha&h
repel electrons trying to reach the walls,

F&m?ﬂnm%mmuﬁﬁﬂﬂmphﬂmm The
Elnchmsil'lgum?alstaﬂatﬂ}eulhudewiﬂ:muﬁuuhhwt
46y, Th:ymmmﬁ'nmwmhnde.lhﬂtb?mW
from the electric field. At the same time, they will lose energy
hyhehsﬁcnu!hsimauumthﬂrcmn will not be equal to
the total potential drop (ie., 1000 V) at the CDS—NG interface
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Figure 7. Mean energles of the electrons throughout the discharge {a) and of the argon lons {b) and fast argon atoms (o) in the CDS a1 75

Pa, 1000 V, 3.4 mA.

in the entire NG, due to the back-and-forth scattering of the
electrons in this region, Figure 7, parts b and ¢, presents the
mean energies of the argon jons and fast argon atoms, respec-
tively. Only the CDS is shown, since these species are more or
less thermalized in the NG, The mean energles are almast zero
at the CD5—NG interface and increase gradually toward the
cathode, The mean energy of the lons reaches valies of about
150 eV at the cathode. This is clearly lower than the mean energy
of the electrons at the CDE—NG interface, in spite of the fact that
both species gain the same amount of energy from the electric
field. This indicates that the argon jons lose their energy much
more efficiently by collisions than the electrons. Indeed, the
symmetric change transfer collisions are more frequent than the
electron impact jomization and excitation collisions (Le., larger
cross section, see Figure 2) and lead to a stronger energy loss
(Le.. the argon jons that have undergone a charge transfer collision
start again with zero energy™). Near the front plate, the fons can
reach higher energies (300 eV at maximum), since they take up
more energy from the strong electric field without losing much
energy over such short distances, The fast argon atoms (Figure
Tc) still have lower mean energies than the argon fons, since they
are formed oot of the jons (they take over their energy in charge
transfer collisions), but they are not able to gain more enengy
from the electric field. It is seen on the figure that these Gst
atoms can reach maximum energies at the cathode of about 35
€V at the cell axds to about 50 eV near the fromt plate. It should
be borne in mind that the term “fast atoms” is used for those
atoms with energies beyond 12V, Atoms with energies below 1
eV are assumed to belong to the thermalized group.

The Monte Carlo models slso give information about the
relative importance of the different collision processes. The
electron impact ionization rate (Figure 8a) reaches a maximum
of about 7 » 10% cm¥ &1 in the beginning of the NG on the cell
axis. Most of the argon ions are hence created by electron impact
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at the center of the plasma. The rates of electron impact excitation
and elastic collisions (both not presented here) are characterized
by the same profile, but the excitation rate is only half as high,
whereas the elastic collision rate is about & times higher, as
expected from the cross sections (Figure 2). The most impaortant
collision processes of the argon ions are symmetric charge transfer
collisions. The charge transfer collision rate is about 3 = 1007
cm ¥ 57! gt the CIS—NG interface and increases gradually toward
the cathode, taking values of about L5 x 10" cm~? 57! close to
the cathode. The rate of elastic collisions is at maximum (~4 x
10% em~3 577 at the CDS—NG interface, where the jon energies
are low, and it decreases to about 5 « 10" cm? 57! close to the
cathode. The elastic collision rete of the fast argon atoms is about
10%—10" em? g in the CDS, reaching & maximum close to the
cathode, where the fast argon atom density is at its maximum
{see Figure 4d). The ionization rates by argon ions and fast argon
atoms are presented in Figure & parts b and ¢, respectively. The
excitation rate by these species is comparable to the ionization
rate and is not shown., As is illustrated in Figure 2, the ion/atom
impect ionization cross section increases with energy. Therefore,
the ionization rate is low at the CDS~NG interface and increases
toward the cathode, Close to the cathode, it iz of the order of
{1-15) = 10 cm™2 57! for the argon ions and of the order of
(7—9) »= 10* cm~3 57! for the fast argon atoms. Hence, these
processes are only of minor importance for the jons and atoms
compared to the charge transfer and elastic collisions, However,
compared to the electron impact lonization rate, these processes
are nt negligible, espedially close to the cathode. When we
integrate the ionization rates by electrons, argon ions, and argon
atoms over the total discharge region, the relative importance of
these processes to the total jonization of argon can be obtained.
This was caleulated to be about 89% for the electrons (abowt 15%
in the CDS5 and about 74% in the NG), about 2.5% for the argon
ions, and about £.5% for the fast argon atoms. Although electron
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Figure B. Argon ionization rates by the electrons hroughout the discharge (a) and by the argon kons (b) and fast angon atoms (g} in the CDS

at 75 Pa, 1000 V, 3.4 mA

impact ionization is clearly dominant, argon ion and atom impact
innizations are not negligible at these discharge conditions, It
was demonstrated before™ that, at discharge voltages above 600
V¥, the correct voltage—current characteristics of the glow dis-
charge can be obtained only by the incorporation of these
Processes.

The models described in this work were developed earlier in
one dimension 55 e, the fluid model was one-dimensional,
but the Monte Carlo models were already in three dimensions
(but without radial electric field yet). We compared the results
of the two-dimensional mode] (values taken at the cell axis) with
the one-dimensional results at the same pressure, voltage, and
gas temperature and found that the resulls were rather similar,
except that the argon ion and slow electron densities are slightly
lower in the two-dimensional case.

Finally, for the given voltage and pressure of 1000 V and 75
Pa, the total electrical current was calculated to be 3.4 mA at a
gas temperature of 360 K These voltage—pressure—current
values are in good agreement with experiment, which indicates
that the present models give more or less realistic results.

CONCLUSIOMN

A two-dimensional model is developed to describe a direct
current glow discharge in argon. It is & hybrid model, consisting
of (i) a Monte Carlo model for the fast electrons in the entire
discharge, (i) a Monte Carlo model for the argon jons and fast
argon atoms in the CDS, and (i) a fuid model for the argon lons
and show electrons in the entire discharge. Typical results of these
models include the particles densities and mean energies, the
potential distribution, the axial and radial electric field, and the
rates of the different collision processes, all as a function of axial
and radial position. Moreover, from the given pressure, voltage,

amd gas temperature, the total electrical current was calaulated
and showed good agreement with experiment.

The present model describes only the electrons, argon ions,
and fast argon atoms (so-called plasma model) and not vet the
sputiered (analytically important) species, However, as is shown
in ref 37 for one dimension, the results of the plasma model are
important for describing the sputtered species and must, therefore,
be calculated first. Indeed, the electric field distribution is used
for calculating the behavior of the ions of the sputiered species
{migration in the electrie field), the argon jon and fast atom fux
and energy al the cathode determine the smount of sputtering,
the ebectron fhux and energy are used to compute the amount of
electron impact ionization of the sputtered atoms, and the argon
ion density distribution is required to calculate the amount of
charge transfer ionization of the sputtered atoms. I & later work,
the results obtained in the present paper will be used for
describing the sputtered species in two dimensions®
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