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Hybrid model of a rectangular hollow cathode discharge

Z. Donkó
Department of Laser Physics, Research Institute for Solid State Physics and Optics of the Hungarian Academy of Science

P.O. Box 49, H-1525 Budapest, Hungary
~Received 20 October 1997!

A rectangular hollow cathode discharge was investigated by means of a two-dimensional self-consistent
hybrid model combining Monte Carlo simulation of the motion of fast electrons and a fluid description of slow
electrons and positive ions. Our calculations were carried out for a cold-cathode dc abnormal glow discharge
in helium, operating at moderate~;1 mA/cm2) current densities and at low~;1 mbar! pressures. The results
demonstrate the existence of the hollow cathode effect in the discharge. On the other hand the energy distri-
bution function of electrons indicates that a considerable number of fast electrons is absorbed by the anode,
representing a major loss for the maintenance of the discharge. A significant fraction of primary electrons
('5220%) was absorbed by the anode before they were able to produce any ions. Due to the loss of
high-energy electrons at the absorbing anodes, ionization is less efficient than that in conventional~e.g.,
cylindrical! hollow cathodes, thereby explaining the increasing voltage—linear current density characteristics
of the discharge. Backscattering of high-energy electrons from the anodes significantly affects the discharge
characteristics: a backscattering coefficient of 0.2 resulted in'90% increase of the He1 density and'60%
increase of the linear current density at 2 mbar pressure and 300 V voltage.@S1063-651X~98!12206-7#

PACS number~s!: 52.65.2y, 52.80.Hc
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I. INTRODUCTION

Glow discharges have a very wide range of applicatio
including laser, spectral, and illumination light sources, s
face modification, and analytical and plasma chemis
Modeling of the discharges helps towards an understan
of their physical details and assists in optimizing their app
cations.

The cathode region of cold cathode glow discharge
consisting of the cathode dark space~or cathode sheath! and
the negative glow—is of particular importance and intere
as the processes responsible for the self-sustainment o
discharge take place in this region. Induced by the bomb
ment of positive ions, metastable atoms, and ultraviolet p
tons, primary electrons are emitted from the cathode and
accelerated in the electric field in the cathode dark spa
thereby creating electron avalanches via ionization p
cesses. Under stationary conditions the average numbe
the above particles reaching the cathode~from one electron
avalanche! is precisely enough to liberate a ‘‘new’’ primar
electron@1#.

In discharges having opposite cathode surfaces the ho
cathode effect~see, e.g.,@2#! may develop. The potential we
formed between the opposing cathode surfaces enable
fast electrons to ‘‘oscillate’’ between them@3–5#. Some of
the electrons may cross the negative glow several time
this way significantly enhancing the ionization rate. As
consequence of this, much higher currents than those
plane-cathode discharges can be carried through the
charge. Hollow cathode discharges typically exhibit ‘‘fla
voltage-current characteristics, i.e., their operating voltag
almost independent of the discharge current. By virtue
their intense light radiation hollow cathode discharges h
important applications—as indicated above—as spec
light sources and lasers.

In abnormal glow discharges near the cathode surfac
571063-651X/98/57~6!/7126~12!/$15.00
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strong and rapidly changing electric field distribution
present. The large electric field gradients and the presenc
boundaries~electrodes! induce nonequilibrium effects in the
motion of electrons. Thus the hydrodynamic approa
which assumes that the transport parameters of particles
exclusively determined by thelocal value of theE/n—the
electric field to gas density ratio—is not a sufficiently go
approximation to describe the motion of electrons in t
cathode region@6,7#. The hydrodynamic approach cann
even explain theexistenceof the negative glow~created by
the electrons that acquired high energy in the cathode d
space! nor can it describe the oscillating motion of electro
between opposing cathode surfaces—the basic mecha
responsible for the development of the hollow cathode eff
@3#. To trace the trajectories of fast electrons in the discha
we used Monte Carlo simulation@8–14# providing a fully
kinetic description of the electrons’ motion.

When the electrons have lost most of their kinetic ene
and their motion is dominated by diffusion in lowE/n re-
gions of the discharge, Monte Carlo simulation of their tr
jectories becomes less efficient. On the other hand for th
‘‘slow’’ electrons the fluid approach is sufficiently accurat
The hydrodynamic description of He1 ions is expected to be
valid for the entire discharge under the conditions conside
in this study@15#.

Hybrid models@16–29# combining Monte Carlo simula-
tion and the fluid description of different species can e
ciently describe dc and rf discharges in 1 or 2 dimensions
this paper we investigate a rectangular hollow cathode
charge by means of a hybrid model in which we apply Mon
Carlo simulation to trace the trajectories of fast electrons
we use the fluid description of slow electrons and heliu
ions.

Previous 2D hybrid models were developed for d
charges with cylindrical symmetry@24–29#; such discharges
can be categorized as ‘‘longitudinal’’ discharges~the current
7126 © 1998 The American Physical Society
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57 7127HYBRID MODEL OF A RECTANGULAR HOLLOW . . .
flows along the discharge axis!. Here, we study a ‘‘trans-
verse’’ discharge, where the current flows perpendicula
the symmetry axis of the discharge.

In Sec. II we describe the electrode configuration of
discharge, the basic assumptions and the details of the M
Carlo and the fluid models, as well as their interfacing. T
results illustrating the general behavior of the discharge
presented in Sec. III A. The effects of changing voltage a
gas pressure and the effect of the backscattering of fast e
trons from the anodes are shown in Secs. III B and III
respectively. In Sec. III D the results of the calculations
compared with available published experimental data. T
summary of the paper is given in Sec. IV.

II. MODEL OF THE RECTANGULAR HOLLOW
CATHODE DISCHARGE

A. The discharge arrangement

The cross section of our hollow cathode discharge
shown in Fig. 1. The discharge arrangement consists of
flat electrode segments: two cathodes and two anodes
each other in a ‘‘quadrupole’’ configuration. The distan
between the electrodes of the same polarity isD51 cm. The
productpD ~wherep is the gas pressure! is chosen to ensure
that only the cathode dark space and the negative glow p
of the discharge develop.

The discharge is assumed to be infinite along theZ axis,
which is perpendicular to the (X,Y) plane. As the curren
density is expected to be nonuniform on the electrode
faces in theX and Y directions, the discharge is characte
ized by the linear current densityrather than by the dis
charge current or current density. Linear current den
expresses the current flowing along unit length of the d
charge, and will be denoted here byI /L.

The electrode arrangement of the discharge shown in
1 makes it possible to develop the hollow cathode effect
the present discharge construction, however, as the an
are situated near to the cathodes it is highly likely that

FIG. 1. Cross section of the rectangular hollow cathode d
charge, indicating the Cartesian coordinate system used in the
culations. Electrodes of same polarity are separated byD51 cm.
The discharge is infinite in thez direction @perpendicular to the
(X,Y) plane#.
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oscillating motion of fast electrons is partially suppressed
the fast electrons can be absorbed at the anodes — espe
at lower pressures.

It is mentioned that a discharge with similar electro
arrangement has already been investigated experimen
and was shown to have switching capability, controllable
a longitudinal magnetic field@30#. Also a similar discharge
construction with concave electrode surfaces has been
plied as a pumping source for metal ion lasers, at consid
ably higher current densities; see, e.g.,@31#.

B. Basic assumptions

In the model of the discharge cathode sputtering and
heating are neglected because of the relatively low ('1 mA/
cm2) current densities. The gas temperature is taken to
300 K; volume recombination is neglected due to the low g
pressure.

In helium discharges the metastable atoms generally
fluence the electron energy distribution. This effect is m
pronounced in the positive column of glow discharges and
the 0<«<25 eV range of electron energy@32#. Metastable
atoms may also change the ionization rate in the discha
by electron impact ionization from the metastable states
by metastable-metastable collisions. However, in the cath
region—where electrons with energy of several hund
electronvolts are present—the effect of metastable atoms
ther on the electron energy distribution or the ionization b
ance is expected to be less important. Thus, although
metastables were found to influence some of the plas
paameters in helium discharges~e.g., plasma density, bulk
electron energy! @33,34#, we ignore their effects in our cal
culations.

We assume that secondary electron emission from
cathode is caused solely by the impact of positive ions;
secondary electron emission coefficient is chosen to bg
50.3.

The cathode potential is always fixed to be zero and
anode potential is equal to the discharge voltage. No acco
was taken of any external electrical circuit in our simu
tions. The density of particles on the surface of the electro
was taken to be zero.

In most of our studies the anodes are considered to
perfect absorbers of electrons. In Sec. III C, however,
illustrate the effect on the discharge characteristics of
backscattering of fast electrons from the anode.

C. Monte Carlo model of fast electrons

The source functions of ionsSi(x,y) and slow electrons
Se(x,y) for a given electric field configuration are obtaine
from the Monte Carlo simulation of the fast electrons’ m
tion. The primary electrons emitted from the cathode a
their secondaries produced in ionizing collisions are trace
three-dimensional space until they are absorbed by one o
anodes or are no longer capable of producing any additio
ions.

The initial energy of the electrons leaving the cathode w
chosen to be 10 eV, their initial velocity was set perpendi
lar to the cathode surface.

-
al-
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7128 57Z. DONKÓ
The r (t) trajectory of electrons between successive co
sions was followed by direct integration of their equation
motion:

m
d2r

dt2
5eE, ~1!

where m and e are the mass and the charge of electro
respectively, andE is the electric field. The free path o
electrons is assigned randomly in the Monte Carlo simu
tion. The position of the next collision is obtained from

E
s0

s1
ns„«~s!…ds52 ln~12R01!, ~2!

where s0 is the position of the last collision ands1 is the
position of the next collision measured on the curviline
abscissas, n is the background gas density,s is the sum of
cross sections of all possible elementary processes,« is the
kinetic energy of the electron, andR01 is a random numbe
having a uniform distribution in the@0,1! interval ~see, e.g.,
@9#!. In the simulation Eqs.~1! and ~2! are integrated simul-
taneously along the trajectory of the electron. Havi
reached the position of the next collision the electron und
goes scattering. The type of elementary process that actu
occurs is chosen randomly, taking into account the value
cross sections of different processes at the given energ
the electron.

In the Monte Carlo simulation of fast electrons we to
into account their elastic scattering from helium atoms, el
tron impact excitation, and ionization of helium atoms. T
cross sections of these elementary processes were taken
Ref. @35#. The elastic scattering is anisotropic, assuming
following form for the s(«,x) differential cross section
@18,36,37#:

s~«,x!

s~«!
5

«

4p@11« sin2~x/2!# ln~11«!
. ~3!

The scattering anglex is calculated by setting the cumu
lative distribution function of Eq.~3! equal to a random num
ber uniformly distributed in the@0,1! interval~see, e.g.,@36#!.

In the electron impact excitation process the electron lo
a randomly chosen energy between the energy of the
excited level and the ionization energy of the gas atom~or
between the first excited level and the actual electron ene
if the latter is less than the ionization potential!. In the ion-
ization process the energy of the ejected («1) and the scat-
tered («2) electrons is partitioned in accordance wi
@38,39#:

«15v tanFR01 arctanS «2« i

2v D G , ~4!

«25«2« i2«1 , ~5!

where« is the energy of the electron before the collision,« i
is the ionization potential of helium,R01 is a random numbe
having a uniform distribution in the@0,1! interval, andv is a
parameter characteristic for the given gas—for helium
usev515 @38,39#. In the ionization process the velocity ve
tors of the incoming, the scattered, and the ejected elect
-
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lie in the same plane. The velocity vectors of the scatte
and the ejected electrons are perpendicular to each othe@9#.
The x1 and x2 scattering angles~measured with respect t
the direction of velocity of the incoming electron! are found
from ~e.g.,@9#!

cosx15S «1

«2« i
D 1/2

, ~6!

cosx25S «2

«2« i
D 1/2

. ~7!

The azimuthal angle of the scattered electron is cho
randomly between 0 and 2p for all collision processes.

The Si(x,y) ionization source function is accumulate
from the individual ionization processes. The electrons
transferred to the slow electron group@through theSe(x,y)
source function# when their~kinetic1potential! energy falls
below the ionization potential of helium. Here the potent
energy is considered to be the difference between the m
mum value of the potential in the discharge and the poten
at the actual position of the electron.

D. Fluid model of slow electrons and positive ions

The fundamental variables of the fluid model are the el
tron densityne , the positive ion densityni , and the electric
potentialV. These quantities are functions of the Cartes
coordinatesx andy ~see Fig. 1!. The fluid model consists o
the continuity equations of electrons and ions and the P
son equation:

]ne

]t
1¹~neve!5Se , ~8!

]ni

]t
1¹~nevi !5Si , ~9!

nV52
e

e0
~ni2ne!, ~10!

whereve andvi are the mean velocities andSe andSi are the
source functions of slow electrons and ions, respectively,e is
the elementary charge, ande0 is the permittivity of free
space. The mean velocitiesve andvi are calculated from the
momentum balance equations for electrons and ions:

fe5neve52nemeE2¹~neDe!, ~11!

fi5nivi5nim iE2¹~niDi !, ~12!

whereme( i ) and De( i ) are the mobility and diffusion coeffi-
cients of electrons~ions!. The diffusion coefficient of He1

ions in helium isDi5410/p cm2 s21 ~with p given in Torr!
@40#; the mobility of electrons in helium isme5106/p cm2

V21 s21 @41#. The diffusion coefficient of electrons was cho
sen to beDe5106/p cm2 s21, resulting in a fixed 1 eV
characteristic energy of slow electrons@24–29#. The mobil-
ity of He1 ions in helium was taken from Ref.@41#:
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57 7129HYBRID MODEL OF A RECTANGULAR HOLLOW . . .
m i5
83103

p S 12831023
E

p D cm2 V21 s21 ~13!

for E/p<25 V cm21 Torr21, and

m i5
4.13104

p S E

p D 2 1/2F1227.44S E

p D 23/2G cm2 V21 s21

~14!

for E/p.25 V cm21 Torr21, with p given in Torr, andE
given in V cm21.

In the fluid model the principal variables (ne , ni , andV)
are defined on a grid. In the present calculations a unifo
rectangular grid of size 293 29 is used. However, due to th
symmetry of the discharge, the fluid equations were sol
on a smaller, 153 15, grid covering one quadrant of th
discharge.

The electron and ion continuity equations are solved
gether with the Poisson equation by applying an impl
integration scheme@24–29#. The implicit method has the ad
vantage of enabling a considerably longer integration ti
step compared with explicit integration schemes~where the
continuity and Poisson equations are solved consecutivel
an iterative cycle!. The numerical solution of the fluid mode
is based on the discretization of Eqs.~8!–~12! and the use of
an exponential scheme representation of the fluxes@42#. A
detailed description of the numerical method can be foun
previous works@24–29#.

E. Interfacing of the models

In hybrid simulations of dc discharges the fluid a
Monte Carlo models are solved in an iterative way until t
stationary state of the discharge is reached. In the first ste
the iterations the fluid model is solved for an ‘‘initial’’ elec
tric field distribution.

To ensure that the discharge is self-maintained, elec
multiplication (M ) must fulfill M.M0, whereM0 satisfies
the self-maintenance criterion of the discharge:

~M021!g51. ~15!

SinceM for the ‘‘geometrical’’ electric field distribution
was usually less than needed to initiate self-sustained
charge, we assumed an initial ion density of the order of 19

cm23. The distortion of the field due to this initial ion den
sity increasedM to above the minimum necessary val
(M0).

In the Monte Carlo simulation the fast electrons are tra
in the electric field distribution obtained from the flu
model. The spatial distribution of the electron flux emitt
from the cathode is set to be proportional to the spatial
tribution of the ion flux reaching the cathode~known from
the solution of the fluid model!.

After completing the Monte Carlo simulation cycle of
given number of primary electrons and their secondaries,
source functions were normalized by considering the ac
value of theI /L linear current density~calculated in the pre-
vious fluid cycle!:

S~x,y!5
1

e~111/g!nxnyS I

L DNxy

N0
, ~16!
,

d

-
t

e

in

in

of

n

is-

d

-

e
al

wherenx andny are the divisions of the grid in theX and
Y directions,Nxy is the number of ions~slow electrons! cre-
ated in the volume element aroundx andy due to the emis-
sion of N0 primary electrons from the cathode.

The source functionsSi(x,y) andSe(x,y) served as input
of the fluid model. Iteration of the fluid and Monte Car
models was repeated until a converged solution was fou

The typical integration time step in the fluid model was
the order of 10 ns; the Monte Carlo part was usually run a
100 steps in the fluid model. Typically 1000 primary ele
trons and their secondaries were traced in the Monte C
procedure. Between consecutive time steps in the fluid mo
the Si(x,y) and Se(x,y) source functions were rescaled o
the basis of the linear current density obtained at the last t
step. In this way the changes in themagnitudeof the source
functions, corresponding to the change of the discharge
rent were taken into account. On the other hand,
‘‘shapes’’ of the source functions—which depend on the p
tential distribution—remained unchanged between conse
tive Monte Carlo cycles.

It is noted that the Monte Carlo simulation of'1000
primary electrons results in quite noisy source functions
two dimensions. As a consequence of this, the linear cur
density plotted against time also exhibits fluctuations ev
after the time of convergence. However, these fluctuati
are much lower in magnitude than those of the source fu
tions since the particle densities are obtained from time in
gration of the source functions.

Having obtained the converged value of the linear curr
density, the Monte Carlo simulation was run once more
23105 primary electrons to obtain sufficiently smooth tw
dimensional source functions.

The calculations were carried out on a Pentium/133 p
sonal computer. It took typically 1 day of run time to rea
the converged solution for one set of discharge condition

F. Calculated quantities

The hybrid discharge model makes it possible to calcu
several discharge parameters starting from the set of in
data consisting of ‘‘material’’ constants, viz., cross sectio
mobility and diffusion coefficients; and discharge condition
viz., gas pressure and voltage.

The fluid model provides the potential distribution ov
the cross section of the discharge as well as the slow elec
and positive ion densities. The fluxes of these particles,
electric field distribution, and the linear current density a
also obtained from the fluid model.

The Monte Carlo simulation allows us to determine t
energy distribution of fast electrons, the source functions
slow electrons, and ions and provides information about
statistics of ionizations as follows.

The electron avalanches that build up by the multiplic
tion process of primary electrons~emitted from the cathode!
can be characterized by the number of ions (k) created in the
avalanches. Using Monte Carlo simulation of the fast el
trons, theP(k) statistical distribution of the number of ion
created in the avalanches can be determined. The mea
the P(k) distribution gives the average number of ions c
ated for each cathode emitted electron, thus it is related toM
by
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7130 57Z. DONKÓ
M215( kP~k!. ~17!

III. RESULTS

In this section the results of the calculations are presen
First the electrical characteristics of the discharge are sho
To illustrate the general behavior of the discharge sev
discharge characteristics~obtained from the Monte Carlo an
the fluid model! are presented for a given set of fixed ope
ating conditions. Following this, the dependence of some
the discharge characteristics on the discharge voltage~at con-
stant pressure! and on the pressure~at constant linear curren
density! is illustrated. The effect of the backscattering of fa
electrons from the anode surfaces is briefly discussed a
end of the section.

Figure 2 shows the calculated electrical characteristic
the rectangular hollow cathode discharge for different val
of the helium gas pressure. The slope of the voltage-lin
current density curves is higher than that of conventio
hollow cathode discharges. Let us recall that in conventio
~e.g., cylindrical! hollow cathode discharges the voltage
known to remain approximately constant with increas
current. The flat voltage-current curve of those discharge
due to the very efficient ion production under conditions
hollow cathode effect~see, e.g.,@2#!. The results presente
further on show that the hollow cathode effect exists in o
discharge, but there is also an increasing loss of fast e
trons at the anodes with decreasing pressure.

Our calculations were carried out for linear current den
ties ranging from 1 mA/cm up to 10 mA/cm, for which th
voltage was between 175 and 800 V, depending on the
pressure.

A. General behavior of the discharge

All the characteristics illustrating the general behavior
the investigated hollow cathode discharge throughout S
III A are shown forp52 mbar pressure andV5300 V volt-
age.

FIG. 2. Discharge voltage as a function of linear current den
for different gas pressures.
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The potential distribution in the cross section of the d
charge is plotted in Fig. 3~a!; Fig. 3~b! shows the potentia
distribution along theX axis. In the middle part of the dis
charge, filled by the negative glow, we observe a plas
potential which is'6 V higher than the anode potential. Th
potential distribution formed in the discharge ensures t
those ions not necessary to maintain the discharge are
rected towards the anodes. The flux of He1 ions to the an-
odes was, in fact, found to be comparable to the ion flux
the cathode. This is illustrated in Fig. 4, which displays t
spatial distribution of the He1 flux to the electrodes. Both
the fluxes to the cathode and anode peak at the middle o
electrodes. It can also be seen that whereas the ion flux to
cathode has a quite broad distribution, the flux to the an
is concentrated near the middle part of the discharge as
ions are flowing to the anode only from the negative glo
The peak value of the ion flux to the anode is'40% of the

y

FIG. 3. ~a! Potential distribution in the cross section of the re
angular hollow cathode discharge forp52 mbar andV5300 V.
~Data are given in volts.! ~b! Potential distribution along theX axis.
~Note that the scale is changed above 300 V.!
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57 7131HYBRID MODEL OF A RECTANGULAR HOLLOW . . .
ion flux to the cathode for the given discharge conditions
A two-dimensional plot of the He1 ion density is shown

in Fig. 5~a!. Theni(x,y) distribution peaks at the axis of th
discharge. The formation of cathode sheaths can clearly
seen in Fig. 5~b!, where theni(x) ion andne(x) slow elec-
tron concentrations are plotted along theX axis. In the vicin-
ity of the cathode the positive space charge is domin
further away from the cathode the concentration of He1 ions
and slow electrons becomes nearly equal. In the central
of the discharge a quasineutral plasma is formed with typ
charged particle concentration of the order of 1011 cm23,
corresponding to a degree of ionization between 1026 and
1025.

Figure 6 illustrates the electric field distributions along t
X andY axes of the discharge. Between the midpoints of
cathodes~i.e., along theX axis; see Fig. 6! the field distribu-
tion is characteristic of a plane-parallel hollow cathode d
charge@2#; between the midpoints of the anodes an elec
field distribution of similar shape is found. However, th
magnitude of the field in this direction@E(y)# near the elec-
trodes is'25 times less than that of the field in the directi
connecting the midpoints of the cathodes@E(x)#. The
sheaths formed at the anodes are also much shorter
those at the cathodes. The former attract the ions that are
necessary for maintaining the discharge towards the an
and repel the electrons, thereby leading to an increase in
electron density in the negative glow.

The Si(x,y) and Se(x,y) source functions of ions an
slow electrons are displayed in Figs. 7~a! and ~b!, respec-
tively; Fig. 7~c! shows the source functions along theX axis.
The ionization source has a quite broad and flat maximum
the central region of the discharge. The source function
slow electrons differs from zero only in the negative glo
part of the discharge and has a sharp rise at the cathode
space–negative glow boundary. In the range of parame
studied the typical ionization rate in the discharge is of
order of 1016 cm23 s21.

FIG. 4. Flux of He1 ions to the cathodes@f i(y)# and to the
anodes@f i(x)# for p52 mbar andV5300 V.
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The f («) energy distribution function of high-energy («
.« i524.6 eV! electrons absorbed by the anode—obtain
from their Monte Carlo simulation—is plotted in Fig. 8~a!.
The energy distribution shows a significant loss of hig
energy electrons similarly to that in obstructed dischar
@43# and a glow discharge applied as an ion source@27,29#.

Figure 8~b! displays theP(k) distribution~ionization sta-
tistics! defined in Sec. II F. An important quantity in chara
terizing discharges with increased losses isP(k50): the
probability that a primary electron is absorbed by the ano
without producing any ions. Our data indicate that'14% of
the primary electrons are lost at the anode~at the given set of
discharge conditions:V5300 V and p52 mbar!. Further-
more the highest value of theP(k) distribution is found at
k50, which was rather unexpected and clearly indicates
effect of closely placed cathode and anode electrodes.

The data shown in Fig. 9 give evidence for the prese
of hollow cathode effect in the discharge. TheSi(x) ioniza-

FIG. 5. ~a! Two-dimensional density distribution of He1 ions.
The distance of contour lines corresponds to 1010 cm23 change of
ni(x,y). ~b! Density of He1 ions and slow electrons along theX
axis (p52 mbar,V5300 V!
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7132 57Z. DONKÓ
tion source function shown in Fig. 9 is composed of tw
source functions corresponding to the electron avalanc
starting from the ‘‘left’’ and ‘‘right’’ cathodes. It can clearly
be seen that these two source functions overlap consider
the electron avalanches starting from one of the catho
contribute to the ion production even in the sheath of
opposite cathode.

It is mentioned that due to the significant positive ion fl
to the anode, ‘‘primary’’ electrons also originate from th
anodes. The anode-emitted electrons cannot, however
quire high enough energy to ionize the gas and to multip
Thus, their only effect is a slight increase in the electr
density in the negative glow. After having checked this,
neglected the electron emission process from the anode

B. Effect of discharge voltage and gas pressure

In this section first we investigate the effect of changi
discharge voltage at a constant pressure of 2 mbar. In
10~a! the electron multiplication is plotted as a function
voltage. With increasing voltageM increases well above
M0, the minimum multiplication necessary for the maint
nance of the discharge@see Eq.~15!#. As a consequence o
this, the fraction of ions reaching the anode increases f
'12% at 250 V to'29% at 400 V. The extrapolation of th
M (V) function towards voltages lower than 250 V indicat
that M.M0 holds even for 200 V. Nevertheless, it was n
possible to reach stationary state of the discharge even
voltage of 225 V.

FIG. 6. Electric field distribution along theX axis ~a! and theY
axis ~b! of the discharge, forp52 mbar andV5300 V.
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In Figs. 10~b! and 10~c! theSi(x) ionization source func-
tion and theni(x) ion density along theX axis are shown for
different values of the discharge voltage. With increas
voltage bothSi andni exhibit a significant increase, accom
panied by a decrease in the length of the cathode sheath
an increase in the linear current density~see Fig. 2!.

FIG. 7. Source function of He1 ions ~a! and slow electrons~b!
for p52 mbar andV5300 V. The distance of contour lines corre
sponds to 2.531015 cm23 s21 change of theSi(x,y) andSe(x,y)
source functions.~c! TheSi(x) andSe(x) source functions on theX
axis.
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FIG. 8. ~a! Energy distribution of fast («.« i524.6 eV! elec-
trons absorbed by the anode.~b! Statistical distribution of the num
ber of ions created in electron avalanches (p52 mbar andV5300
V!.

FIG. 9. Ionization source functionSi(x) ~on theX axis! plotted
by the solid line is the sum of source functions corresponding
electron avalanches starting from the ‘‘left’’ and ‘‘right’’ cathode
The effect of the changing pressure on theSi(x) and
ni(x) functions at constant linear current density of 6 mA/c
is shown in Figs. 11~a! and 11~b!, respectively. At the high-
est pressure investigated theSi(x) function exhibits two
peaks, corresponding to the electron avalanches starting
the ‘‘left’’ and ‘‘right’’ cathodes. With decreasing pressure
as we approach the region of the hollow cathode effect,
ionization source becomes gradually more uniform in
central region of the discharge. The densityni of He1 ions
along theX axis of the discharge always peaks atx50. The
peak value ofni decreases by about a factor of 5 as t

o

FIG. 10. Multiplication M of electrons~a!, ionization source
functionSi(x) ~b! and He1 densityni(x) ~c! for different values of
the discharge voltage, at constant pressure ofp52 mbar.
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7134 57Z. DONKÓ
pressure decreases from 4 mbar to 1.55 mbar, although thSi

source function decreases only by 20–30%. This effect
be explained by the increasing rate of losses at lower p
sures. The probability that a primary electron is absorbed
the anode surface before producing any ions@P(k50)# in-
creases drastically with decreasing pressure, as can be
in Fig. 11~c!. This is one of the effects that can explain t
gradually increasing slope of the voltage-linear current d
sity curves with decreasing pressure~see Fig. 2!.

FIG. 11. Ionization source functionSi(x) ~a!, He1 densityni(x)
~b! and the probability of producing zero ions in electron av
lanches~c! for different values of helium pressure, at constant line
current density ofI /L56 mA/cm.
n
s-
n

een

-

The difference of the plasma potential~the highest poten-
tial in the negative glow! and the anode potential was alwa
found to be 5 – 6 V, independently of the discharge con
tions.

C. Effect of the backscattering of fast electrons
from the anode

As a high number of fast electrons are absorbed on
anode surfaces, it is expected that their possible backsca
ing ~reflection! into the discharge volume has a significa
effect on the discharge parameters. Such effects have alr
been found to be important in obstructed discharges@43,44#.

In the following we present characteristic results of t
effect of electron backscattering from the anode. In our c
culations we have assumed that the fast electrons~which are
traced in the Monte Carlo simulation! are reflected from the
anode with a probability independent of the electron ene
and angle of incidence. The results are presented for a b
scattering coefficientR50.2, withp52 mbar andV5300 V.
~We use a relatively low value for the backscattering coe
cient, for metal electrodesR is expected to be higher. Nev
ertheless, the valueR50.2 already clearly indicates the e
fects caused by the backscattering of fast electrons from
anodes.!

Figures 12~a! and 12~b! show the ionization source func
tion Si(x) and the ion densityni(x) along theX axis of the
discharge, respectively, calculated without and including
backscattering of fast electrons from the anode. It can
seen in Fig. 12~a! that the ionization source function is in
creased by a factor of'1.5 atR50.2 compared to its value
at R50; this increase results from the additional ionizati
created by the backscattered electrons. Because of the
hanced ionization rate the density of charged particles is
increased. In the center of the discharge the ion densit
increased by 90% for the above parameters, see Fig. 12~b!.
The increase ofSi andni is also accompanied by an increa
in the linear current density. AtR50.2 the linear current
density was found to be 4.9 mA/cm forp52 mbar and
V5300 V, whereas forR50 it was 3.0 mA/cm for the same
voltage and pressure. It can also be seen from Fig. 12~b! that
there is a reduction in the length of the cathode sheath.

Figure 12~c! shows theP(k) distributions obtained a
backscattering coefficientsR50.2 andR50. It can also be
seen in this figure that the probability of producingk<3 ions
decreased atR50.2 whereas electron avalanches with 4<k
<8 became more frequent. The probability of produci
k50 ions in an electron avalanche decreased to 12% f
P(k50)514%, found atR50.

D. Comparison with experiment

The only published data obtained for a similar electro
configuration are those of Rocca and Floyd, who investiga
the effect of the longitudinal magnetic field on the dischar
characteristics@30#. The electrode configuration described
Ref. @30# is similar to our discharge arrangement though
operating conditions are different. Rocca and Floyd’s holl
cathode discharge had a rectangular cross section wi
cathode to anode surface ratio of 1/2, the width of the ca
odes and the anodes was 0.7 and 1.4 cm, respectively,

-
r
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length was 6 cm. The discharge was operated in dc
pulsed mode. For the dc measurements a 10 kV ballast re-
sistor was connected between a stable voltage source an
discharge tube. It was found that a magnetic field in theB
'10 mT range decreased the discharge current by more
an order of magnitude. The typical operating pressure wa
the 1–2 Torr~'1.3–2.6 mbar! range and the discharge vol
age ranged between 1500 and 2000 V. The high opera
voltage—being approximately 5 times higher than in o

FIG. 12. Effect of backscattering of fast electrons from the
odes on the ionization source functionSi(x) ~a! and He1 density
ni(x) ~b!. TheP(k) distributions obtained atR50.2 andR50.0 ~c!
(p52 mbar,V5300 V!.
d

the

an
in

ng
r

case—was due to the largely increased anode surface w
the energetic electrons are absorbed with a much hig
probability.

To compare the results of the present model with the
perimental data we modified our discharge arrangemen
accordance with the dimensions given in@30# and included
the external resistor in our simulations. After every time s
in the fluid model the anode potential was adjusted accord
to the value of the discharge current in the previous ti
step. To study the effect of the longitudinal magnetic fie
the fluid equations were solved over one ‘‘half’’ of the cro
section of the discharge, on a 15329 grid. The dominant
effect of longitudinal magnetic field in this type of discharg
arrangement is assumed to be on the motion of fast electr
which play the main role in maintaining the discharge. Th
the magnetic field was taken into account only in the Mo
Carlo simulation of fast electrons.

We could reproduce the electrical characteristics of
discharge~at B50) at a higher pressure than that given
@30#. To achieveI 530 mA at 1800 V source voltage~1500
V discharge voltage! the pressure had to be taken asp'2.9
mbar instead of the experimental value 2.0 mbar~corre-
sponding to the conditions given in Fig. 2 of Ref.@30#!. This
difference can be explained as follows:

~1! In the simulations the anodes of the discharge w
assumed to absorb the electrons arriving there. The p
sible backscattering of fast electrons from the anode s
faces is expected to play a more important role in
experiment as the cathode to anode surface ratio was
in contrast to the symmetrical discharge studied in
model.

~2! At discharge voltages in the 1500–2000 V range
ionization by fast heavy particles may start to play a ro
in the maintenance of the discharge. Such processes
be excluded in the 200–400 V voltage range.

~3! We neglected gas heating in our calculations. Howev
under the experimental conditions the electrical inp
power into unit length of the discharge is significant
higher than for the simulation conditions.

In the simulations the increasing magnetic field resulted
a decrease of the discharge current, in agreement with
experimentally found behavior. However, compared with e
periment in our calculations a faster decrease was found~the
currentI 530 mA atB50 decreased to 24 mA in the exper
ment and to 10 mA in our simulations!. We believe that the
decrease of current would be less abrupt if we take into
count the backscattering of fast electrons from the anodes
this way the agreement between experiment and the re
of calculations could be further improved. We plan
investigate—both theoretically and experimentally—the
fect of electron backscattering from the anode on the d
charge characteristics.

IV. SUMMARY

We have investigated a rectangular, transverse hol
cathode discharge by means of a two-dimensional s
consistent hybrid model. The high energy electrons w
traced by Monte Carlo simulation to provide a fully kinet

-
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7136 57Z. DONKÓ
description of their motion. For the slow electrons and
positive ions a fluid model was used, the continuity, the m
mentum transfer equations, and the Poisson equation w
solved using an implicit integration scheme.

The calculations were carried out for a cold-cathode
normal glow discharge in helium, under stationary con
tions, at low pressures~1.55–4 mbar! and moderate~'1 mA/
cm2) current densities.

It was found that in the central region of the discharge~in
the negative glow! a plasma potential approximately 5 – 6
higher than the anode potential develops. The potential
tribution in the cross section of the discharge ensures tha
ions produced above the necessary amount to sustain
discharge are directed towards the anode. This results
significant positive ion flux to the anode~comparable to the
ion flux to the cathode!.

For the discharge conditions investigated the nega
glow of the discharge was found to consist of a quasineu
plasma with typical charged particle concentration in the
der of 1011 cm23.

The energy distribution function of electrons absorbed
the anode indicated that a significant number of high-ene
electrons are absorbed, which is a major loss for the mai
nance of the discharge. It was also found that a numbe
primary electrons are absorbed by the anode before
could produce any ions. The losses of high-energy electr
at the absorbing anodes and the loss of charges to the an
A
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from the negative glow explain the increased slope volta
linear current density characteristics, compared with cy
drical hollow cathode discharges.

The calculations gave evidence for the presence of
hollow cathode effect in the discharge, in the range of op
ating conditions investigated. The shape of the ionizat
source function was found to exhibit a characteristic cha
with decreasing pressure due to the gradually increas
overlap of ionization source functions corresponding to el
tron avalanches starting from the opposing cathodes.

High-energy electrons backscattered from the anodes
sulted in '90% increase of the He1 density and'60%
increase of the linear current density forp52 mbar and
V5300 V, atR50.2.

Comparison of the results of simulations with experime
tal data showed reasonable agreement. We suggest that
backscattering of fast electrons from the anodes is consid
~and the detailed features of the backscattering process
taken into account! this would enhance the agreement.
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