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Hybrid model of a rectangular hollow cathode discharge
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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/cn?) current densities and at logv-1 mbay 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
(=~5—20%) 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 conveetipnal
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 9% increase of the Hedensity and~60%
increase of the linear current density at 2 mbar pressure and 300 V vdI&if#63-651X%98)12206-7

PACS numbds): 52.65-y, 52.80.Hc

[. INTRODUCTION strong and rapidly changing electric field distribution is
present. The large electric field gradients and the presence of
Glow discharges have a very wide range of applicationsboundarieqelectrodesinduce nonequilibrium effects in the
including laser, spectral, and illumination light sources, surmotion of electrons. Thus the hydrodynamic approach,
face maodification, and analytical and plasma chemistrywhich assumes that the transport parameters of particles are
Modeling of the discharges helps towards an understandingxclusively determined by thiocal value of theE/n—the
of their physical details and assists in optimizing their appli-electric field to gas density ratio—is not a sufficiently good
cations. approximation to describe the motion of electrons in the
The cathode region of cold cathode glow discharges—eathode regior{6,7]. The hydrodynamic approach cannot
consisting of the cathode dark spdoe cathode sheattand  even explain thexistenceof the negative glow(created by
the negative glow—is of particular importance and interestthe electrons that acquired high energy in the cathode dark
as the processes responsible for the self-sustainment of tispacé nor can it describe the oscillating motion of electrons
discharge take place in this region. Induced by the bombardsetween opposing cathode surfaces—the basic mechanism
ment of positive ions, metastable atoms, and ultraviolet phoresponsible for the development of the hollow cathode effect
tons, primary electrons are emitted from the cathode and af&]. To trace the trajectories of fast electrons in the discharge
accelerated in the electric field in the cathode dark spaceye used Monte Carlo simulatiof8—14] providing a fully
thereby creating electron avalanches via ionization prokinetic description of the electrons’ motion.
cesses. Under stationary conditions the average number of When the electrons have lost most of their kinetic energy
the above particles reaching the cathgffem one electron and their motion is dominated by diffusion in lo&/n re-
avalanchgis precisely enough to liberate a “new” primary gions of the discharge, Monte Carlo simulation of their tra-
electron[1]. jectories becomes less efficient. On the other hand for these
In discharges having opposite cathode surfaces the hollovtslow” electrons the fluid approach is sufficiently accurate.
cathode effectsee, e.g[2]) may develop. The potential well The hydrodynamic description of Fidons is expected to be
formed between the opposing cathode surfaces enables thalid for the entire discharge under the conditions considered
fast electrons to “oscillate” between thef83—5]. Some of in this study[15].
the electrons may cross the negative glow several times in Hybrid models[16—29 combining Monte Carlo simula-
this way significantly enhancing the ionization rate. As ation and the fluid description of different species can effi-
consequence of this, much higher currents than those ioiently describe dc and rf discharges in 1 or 2 dimensions. In
plane-cathode discharges can be carried through the dihis paper we investigate a rectangular hollow cathode dis-
charge. Hollow cathode discharges typically exhibit “flat” charge by means of a hybrid model in which we apply Monte
voltage-current characteristics, i.e., their operating voltage i€arlo simulation to trace the trajectories of fast electrons and
almost independent of the discharge current. By virtue ofve use the fluid description of slow electrons and helium
their intense light radiation hollow cathode discharges havéons.
important applications—as indicated above—as spectral Previous 2D hybrid models were developed for dis-
light sources and lasers. charges with cylindrical symmet{24—29; such discharges
In abnormal glow discharges near the cathode surface @an be categorized as “longitudinal” dischargéise current
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Anode oscillating motion of fast electrons is partially suppressed as

the fast electrons can be absorbed at the anodes — especially

at lower pressures.

It is mentioned that a discharge with similar electrode

Y arrangement has already been investigated experimentally
and was shown to have switching capability, controllable by
a longitudinal magnetic fiel@30]. Also a similar discharge

Cathode construction with concave electrode surfaces has been ap-
plied as a pumping source for metal ion lasers, at consider-
ably higher current densities; see, e[§1].

V X

Cathode

B. Basic assumptions

In the model of the discharge cathode sputtering and gas
heating are neglected because of the relatively levit (mA/
Anode cn?) current densities. The gas temperature is taken to be
) 300 K; volume recombination is neglected due to the low gas
FIG. 1. Cross section of the rectangular hollow cathode d's'pressure.
charge, indicating the Cartesian coo_rdmate system used in the cal- In helium discharges the metastable atoms generally in-
culations. Electrodes of same polarity are separate® byl cm. . . .
: A N . fluence the electron energy distribution. This effect is most
The discharge is infinite in the direction [perpendicular to the . " . -
(X,Y) pland. pronounced in the positive column of glow discharges and in
the O<e<25 eV range of electron enerd$2]. Metastable
atoms may also change the ionization rate in the discharge

verse” discharge, where the current flows perpendicular tpy electron impact ionization from the metastable states and
the symmetry axis of the discharge. by metastable-metastable collisions. However, in the cathode

In Sec. Il we describe the electrode configuration of thd’€gion—where electrons with energy of several hundred
discharge, the basic assumptions and the details of the Mongdectronvolts are present—the effect of metastable atoms ei-
Carlo and the fluid models, as well as their interfacing. Thether on the electron energy distribution or the ionization bal-
results illustrating the general behavior of the discharge ar@nce is expected to be less important. Thus, although the
presented in Sec. Il A. The effects of changing voltage andnetastables were found to influence some of the plasma
gas pressure and the effect of the backscattering of fast elepaameters in helium dischargés.g., plasma density, bulk
trons from the anodes are shown in Secs. Il B and Il C.electron energy[33,34], we ignore their effects in our cal-
respectively. In Sec. Il D the results of the calculations areculations.
compared with available published experimental data. The We assume that secondary electron emission from the

flows along the discharge axisHere, we study a “trans-

summary of the paper is given in Sec. IV. cathode is caused solely by the impact of positive ions; the
secondary electron emission coefficient is chosen toybe
Il. MODEL OF THE RECTANGULAR HOLLOW =0.3. o .
CATHODE DISCHARGE The cathode potential is always fixed to be zero and the

anode potential is equal to the discharge voltage. No account

was taken of any external electrical circuit in our simula-
The cross section of our hollow cathode discharge igions. The density of particles on the surface of the electrodes

shown in Fig. 1. The discharge arrangement consists of fouvas taken to be zero.

flat electrode segments: two cathodes and two anodes face In most of our studies the anodes are considered to be

each other in a “quadrupole” configuration. The distanceperfect absorbers of electrons. In Sec. Ill C, however, we

between the electrodes of the same polaritpis1 cm. The jllustrate the effect on the discharge characteristics of the

productpD (wherep is the gas pressurés chosen to ensure packscattering of fast electrons from the anode.
that only the cathode dark space and the negative glow parts

of the discharge develop.

The discharge is assumed to be infinite alongZhaxis,
which is perpendicular to theX(Y) plane. As the current ~ The source functions of ion$(x,y) and slow electrons
density is expected to be nonuniform on the electrode surSe(x,y) for a given electric field configuration are obtained
faces in theX andY directions, the discharge is character- from the Monte Carlo simulation of the fast electrons’ mo-
ized by thelinear current densityrather than by the dis- tion. The primary electrons emitted from the cathode and
charge current or current density. Linear current densitytheir secondaries produced in ionizing collisions are traced in
expresses the current flowing along unit length of the disthree-dimensional space until they are absorbed by one of the
charge, and will be denoted here by.. anodes or are no longer capable of producing any additional

The electrode arrangement of the discharge shown in Figons.

1 makes it possible to develop the hollow cathode effect. In  The initial energy of the electrons leaving the cathode was
the present discharge construction, however, as the anodekosen to be 10 eV, their initial velocity was set perpendicu-
are situated near to the cathodes it is highly likely that thdar to the cathode surface.

A. The discharge arrangement

C. Monte Carlo model of fast electrons
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Ther(t) trajectory of electrons between successive colli-lie in the same plane. The velocity vectors of the scattered
sions was followed by direct integration of their equation ofand the ejected electrons are perpendicular to each @her

motion: The x; and yx, scattering angle$measured with respect to
P2 the direction of velocity of the incoming electrpare found
r
M- = eE, 1) from (e.g.,[9])
dt
g |12
wherem and e are the mass and the charge of electrons, colez( — ) , (6)
respectively, ancE is the electric field. The free path of T8
electrons is assigned randomly in the Monte Carlo simula- "™
tion. The position of the next collision is obtained from _|_ %2
cosx2=| —— (0
[
S1
J no(g(s))ds= —In(1—Ryy), (2) _ .
So The azimuthal angle of the scattered electron is chosen
_ N o ) randomly between 0 ands2for all collision processes.
wheres, is the position of the last collision ans} is the The S(x,y) ionization source function is accumulated

position of the next collision measured on the curvilinearfrom the individual ionization processes. The electrons are
abscissa, n is the background gas density,is the sum of  transferred to the slow electron grofghrough theS,(x,y)
cross sections of all possible elementary processésthe  source functiohwhen their(kinetic+potentia) energy falls
kinetic energy of the electron, arit; is a random number pelow the ionization potential of helium. Here the potential
having a uniform distribution in thg0,1) interval (see, e.g., energy is considered to be the difference between the maxi-

[9]). In the simulation Eqgs(1) and(2) are integrated simul-  mum value of the potential in the discharge and the potential
taneously along the trajectory of the electron. Havingat the actual position of the electron.

reached the position of the next collision the electron under-
goes scattering. The type of elementary process that actually
occurs is chosen randomly, taking into account the values of
cross sections of different processes at the given energy of The fundamental variables of the fluid model are the elec-
the electron. tron densityn,, the positive ion density;, and the electric

In the Monte Carlo simulation of fast electrons we took potential V. These quantities are functions of the Cartesian
into account their elastic scattering from helium atoms, eleceoordinatex andy (see Fig. 1 The fluid model consists of
tron impact excitation, and ionization of helium atoms. Thethe continuity equations of electrons and ions and the Pois-
cross sections of these elementary processes were taken fr@on equation:
Ref.[35]. The elastic scattering is anisotropic, assuming the

D. Fluid model of slow electrons and positive ions

E(ilflio:\;\gn%:form for the o(e,y) differential cross section ﬁte+V(neVe)=Se, ®)
o(e,x) _ . € . 3 an, ~
o(e)  Amn[l+e sirt(x/2)]In(1+e¢) —r TV(nevi) =S, 9

The scattering anglg is calculated by setting the cumu-
lative distribution function of Eq(3) equal to a random num-
ber uniformly distributed in thg0,1) interval(see, e.g.,36)).

In the electron impact excitation process the electron loses
a randomly chosen energy between the energy of the firgfherev, andv; are the mean velocities aigf andS; are the
excited level and the ionization energy of the gas atom  soyrce functions of slow electrons and ions, respectieiy,
between the first excited level and the actual electron energype elementary charge, ang is the permittivity of free

if the latter is less than the ionization potentidh the ion-  space. The mean velocities andv; are calculated from the
ization process the energy of the ejected)(and the scat- momentum balance equations for electrons and ions:
tered (,) electrons is partitioned in accordance with

AV=—(n—ny), (10
€0

(38,39 Pe=NeVe= —NeueE—V(NDe), (11)
ETEj
£1=w tar{Rol arctar( 2w'> , (4) di=nvi=nu,E-V(n,D;), (12
e,=e—g—&q, (5)  Whereugiy and Dy are the mobility and diffusion coeffi-

cients of electrongions). The diffusion coefficient of He
wheree is the energy of the electron before the collisien, ions in helium isD;=410p cn? s~ (with p given in Tor)
is the ionization potential of heliunRy; is a random number [40]; the mobility of electrons in helium ig,=10%p cn?
having a uniform distribution in thg0,1) interval, andw isa Vs ! [41]. The diffusion coefficient of electrons was cho-
parameter characteristic for the given gas—for helium wesen to beD,=10%p cn? s %, resulting in a fixed 1 eV
usew=15[38,39. In the ionization process the velocity vec- characteristic energy of slow electrof?—29. The mobil-
tors of the incoming, the scattered, and the ejected electrority of He™ ions in helium was taken from Re41]:
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8x10°
Mi=

41X 10

Mi p

LE - whereAx and Ay are the divisions of the grid in thé and
1-8X10 0 cm?Vls 13 v directions,Ny, is the number of iongslow electronscre-
for E/p<25V cm ! Torr !, and sion of Ny primary electrons from the cathode.
The source functionS§;(x,y) andS,(x,y) served as input
E) 12 17 44(5)3’2 of the fluid model. Iteration of the fluid and Monte Carlo
p
(14 The typical integration time step in the fluid model was of
. o ) . the order of 10 ns; the Monte Carlo part was usually run after
for E/p>25V cm = Torr -, with p given in Torr, andE 100 steps in the fluid model. Typically 1000 primary elec-
In the fluid model the principal variables{, n;, andV)  procedure. Between consecutive time steps in the fluid model
are defined on a grid. In the present calculations a uniformhe S;(x,y) and S,(x,y) source functions were rescaled on
rectangular grid of size 28 29 is used. However, due to the the basis of the linear current density obtained at the last time
on a smaller, 15x 15, grid covering one quadrant of the functions, corresponding to the change of the discharge cur-
discharge. . o . rent were taken into account. On the other hand, the
The electron and ion continuity equations are solved to«shapes” of the source functions—which depend on the po-
integration schemg24—-29. The implicit method has the ad- tive Monte Carlo cycles.
vantage of enabling a considerably longer integration time |t ijs noted that the Monte Carlo simulation &f 1000
step compared with explicit integration schentediere the  primary electrons results in quite noisy source functions in
an iterative cyclg The numerical solution of the fluid model density plotted against time also exhibits fluctuations even
is based on the discretization of E¢8)-(12) and the use of  after the time of convergence. However, these fluctuations
an exponential scheme representation of the fli4@: A are much lower in magnitude than those of the source func-

ated in the volume element arourdandy due to the emis-
cmPVis models was repeated until a converged solution was found.
given in V cm L. trons and their secondaries were traced in the Monte Carlo
symmetry of the discharge, the fluid equations were solvedtep. In this way the changes in thegnitudeof the source
gether with the Poisson equation by applying an implicittential distribution—remained unchanged between consecu-
continuity and Poisson equations are solved consecutively, ifvo dimensions. As a consequence of this, the linear current
detailed description of the numerical method can be found injons since the particle densities are obtained from time inte-

previous workq24-29. gration of the source functions.
Having obtained the converged value of the linear current
E. Interfacing of the models density, the Monte Carlo simulation was run once more for

In hybrid simulations of dc discharges the fluid and 2% 10° primary electrons to obtain sufficiently smooth two-

Monte Carlo models are solved in an iterative way until thedlmensmnal source functions.

stationary state of the discharge is reached. In the first step of Thle calculatlo?s wire cgrnltlad 1°Lét on fa Pen.t|um/ 133 pir—
the iterations the fluid model is solved for an “initial” elec- SCnal computer. It took typically 1 day of run time to reac
tric field distribution. the converged solution for one set of discharge conditions.

To ensure that the discharge is self-maintained, electron
multiplication (M) must fulfill M>M,, whereM, satisfies

. I . F. Calculated quantities
the self-maintenance criterion of the discharge: a

The hybrid discharge model makes it possible to calculate
(Mg—1)y=1. (15 several discharge parameters starting from the set of input
) ) o o data consisting of “material” constants, viz., cross sections,
SinceM for the “geometrical” electric field distribution mopility and diffusion coefficients; and discharge conditions,
was usually less than needed to initiate self-sustained disyiz gas pressure and voltage.
charge, we assumed an initial ion density of the order 6f 10 The fluid model provides the potential distribution over
cm 3. The distortion of the field due to this initial ion den- the cross section of the discharge as well as the slow electron
sity increasedM to above the minimum necessary value and positive ion densities. The fluxes of these particles, the
(Myo). electric field distribution, and the linear current density are
In the Monte Carlo simulation the fast electrons are tracedso obtained from the fluid model.
in the electric field distribution obtained from the fluid The Monte Carlo simulation allows us to determine the
model. The spatial distribution of the electron flux emittedenergy distribution of fast electrons, the source functions of
from the cathode is set to be proportional to the spatial disslow electrons, and ions and provides information about the
tribution of the ion flux reaching the cathodlenown from  statistics of ionizations as follows.
the solution of the fluid modgl The electron avalanches that build up by the multiplica-
After completing the Monte Carlo simulation cycle of a tion process of primary electroriemitted from the cathode
given number of primary electrons and their secondaries, thgan be characterized by the number of ioks ¢reated in the
source functions were normalized by considering the actuadvalanches. Using Monte Carlo simulation of the fast elec-
value of thel/L linear current densitycalculated in the pre- trons, theP(k) statistical distribution of the number of ions

vious fluid cycle: created in the avalanches can be determined. The mean of
N the P(k) distribution gives the average number of ions cre-
S(x,y)= / -y (16) ated for each cathode emitted electron, thus it is relatéd to

e(1+1/y)AxAy L) Ny’ by
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FIG. 2. Discharge voltage as a function of linear current density X [cm]
for different gas pressures.
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Ill. RESULTS 302 1
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In this section the results of the calculations are presented = 1 g ‘e
First the electrical characteristics of the discharge are shown — 250 - / \
To illustrate the general behavior of the discharge severa X 54q /° '\
discharge characteristi¢sbtained from the Monte Carlo and > 1 4 .
the fluid mode) are presented for a given set of fixed oper- 1504 / \
ating conditions. Following this, the dependence of some of 100 J V =300V \
the discharge characteristics on the discharge voli@gson- . y=0
stant pressujeand on the pressufat constant linear current 50'_ \
density is illustrated. The effect of the backscattering of fast 0 . : . : . : —e
electrons from the anode surfaces is briefly discussed at th 050 0.25 0.00 0.05 0.50
end of the section.
Figure 2 shows the calculated electrical characteristics ol x [cm]

the rectangular hollow cathode discharge for different values e .

of the helium gas pressure. The slope of the voltage-linear FIG. 3. (a) Potential dlst_rlbutlon in the cross section of the rect-

current density curves is higher than that of conventiona ngular holllow gathode dlscharge fp.':z. mpar andv'=300 V.

hollow cathode discharges. Let us recall that in convention Data are given in vo_|t$.(b) Potential distribution along th¥ axis.
L : . ._(Note that the scale is changed above 30D V.

(e.g., cylindrical hollow cathode discharges the voltage is

known to remain approximately constant with increasing The potential distribution in the cross section of the dis-
current. The flat voltage-current curve of those discharges isharge is plotted in Fig.(@); Fig. 3(b) shows the potential
due to the very efficient ion production under conditions ofgistripution along theX axis. In the middle part of the dis-
discharge, but there is also an increasing loss of fast elegsotential distribution formed in the discharge ensures that
trons at the anodes with decreasing pressure. those ions not necessary to maintain the discharge are di-

Our calculations were carried out for linear current densivected towards the anodes. The flux of Hiens to the an-
ties ranging from 1 mA/cm up to 10 mA/cm, for which the gges was, in fact, found to be comparable to the ion flux to

voltage was between 175 and 800 V, depending on the gage cathode. This is illustrated in Fig. 4, which displays the
pressure. spatial distribution of the He flux to the electrodes. Both
the fluxes to the cathode and anode peak at the middle of the
electrodes. It can also be seen that whereas the ion flux to the

All the characteristics illustrating the general behavior ofcathode has a quite broad distribution, the flux to the anode
the investigated hollow cathode discharge throughout Seds concentrated near the middle part of the discharge as the
[l A are shown forp=2 mbar pressure and=300 V volt- ions are flowing to the anode only from the negative glow.
age. The peak value of the ion flux to the anode~igl0% of the

A. General behavior of the discharge
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FIG. 4. Flux of HE ions to the cathodegg;(y)] and to the 15 -
d ; fi =2 mb dv=300 V.
anodeq ¢;(x)] for p=2 mbar an . y=0cm (B)

ion flux to the cathode for the given discharge conditions. g

A two-dimensional plot of the He ion density is shown o 104
in Fig. 5a). Then;(x,y) distribution peaks at the axis of the ©
discharge. The formation of cathode sheaths can clearly b — .

seen in Fig. B), where then;(x) ion andng(x) slow elec- 3

tron concentrations are plotted along tKexis. In the vicin- o 21

ity of the cathode the positive space charge is dominant; <

further away from the cathode the concentration of Hiens X | Y Positive ions

and sI0\_/v electrons becpmes nearly eql_JaI. In the cgntral par & o lo---- Slow electrons N~~~ -

of the discharge a quasineutral plasma is formed with typical . . . .
charged particle concentration of the order of*iem™3, 050 095 0.00 0.05 050
corresponding to a degree of ionization between 8.@nd

10°°. x [cm]

Figure 6 illustrates the electric field distributions along the . . o )
FIG. 5. (a) Two-dimensional density distribution of Heions.

X andY axes of the discharge. Between the midpoints of th
9 P Srhe distance of contour lines corresponds td%d@n 3 change of

cathodedi.e., along theX axis; see Fig. Bthe field distribu- . i
tion is characteristic of a plane-parallel hollow cathode dis—gix(i)é'{)':(Zb)mzzrr's\;z;go'_'\i lons and slow electrons along the
charge[2]; between the midpoints of the anodes an electric b '
field distribution of similar shape is found. However, the
magnitude of the field in this directidrE(y)] near the elec- The f(e) energy distribution function of high-energy (
trodes is~ 25 times less than that of the field in the direction >&;=24.6 eV} electrons absorbed by the anode—obtained
connecting the midpoints of the cathodgE(x)]. The from their Monte Carlo simulation—is plotted in Fig(eB.
sheaths formed at the anodes are also much shorter thdie energy distribution shows a significant loss of high-
those at the cathodes. The former attract the ions that are netergy electrons similarly to that in obstructed discharges
necessary for maintaining the discharge towards the anodé43] and a glow discharge applied as an ion soy&#&29.
and repel the electrons, thereby leading to an increase in the Figure 8b) displays theP(k) distribution (ionization sta-
electron density in the negative glow. tisticy) defined in Sec. Il F. An important quantity in charac-
The S(x,y) and S(x,y) source functions of ions and terizing discharges with increased lossesPik=0): the
slow electrons are displayed in Figs@y and (b), respec- probability that a primary electron is absorbed by the anode
tively; Fig. 7(c) shows the source functions along tkeaxis.  without producing any ions. Our data indicate that4% of
The ionization source has a quite broad and flat maximum ithe primary electrons are lost at the andaethe given set of
the central region of the discharge. The source function oflischarge conditions¥=300 V andp=2 mbayj. Further-
slow electrons differs from zero only in the negative glow more the highest value of the(k) distribution is found at
part of the discharge and has a sharp rise at the cathode ddek0, which was rather unexpected and clearly indicates the
space—negative glow boundary. In the range of parameterdfect of closely placed cathode and anode electrodes.
studied the typical ionization rate in the discharge is of the The data shown in Fig. 9 give evidence for the presence
order of 135 ecm 3 s71. of hollow cathode effect in the discharge. TB€Xx) ioniza-
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FIG. 6. Electric field distribution along the axis (a) and theY
axis (b) of the discharge, fop=2 mbar andv=300 V.

tion source function shown in Fig. 9 is composed of two
source functions corresponding to the electron avalanches
starting from the “left” and “right” cathodes. It can clearly

be seen that these two source functions overlap considerably,
the electron avalanches starting from one of the cathodes
contribute to the ion production even in the sheath of the
opposite cathode.

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

B. Effect of discharge voltage and gas pressure
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In this section first we investigate the effect of changing FIG. 7. Source function of Heions (a) and slow electronsb)
discharge voltage at a constant pressure of 2 mbar. In Figor P=2 mbar and/=300 V. The distance of contour lines corre-
10(a) the electron multiplication is plotted as a function of SPonds to 2.X10™ cm " s~ change of the5(x,y) and Se(x,y)

voltage. With increasing voltag®l increases well above
Mg, the minimum multiplication necessary for the mainte-
nance of the dischargesee Eq.15)]. As a consequence of

source functiongc) The S;(x) andS,(x) source functions on th&
axis.

this, the fraction of ions reaching the anode increases from In Figs. 1@b) and 1@c) the S;(x) ionization source func-
~12% at 250 V to~29% at 400 V. The extrapolation of the tion and then;(x) ion density along th& axis are shown for

M (V) function towards voltages lower than 250 V indicatesdifferent values of the discharge voltage. With increasing
that M>M, holds even for 200 V. Nevertheless, it was notvoltage bothS; andn; exhibit a significant increase, accom-
possible to reach stationary state of the discharge even atpanied by a decrease in the length of the cathode sheath and

voltage of 225 V.

an increase in the linear current dengisge Fig. 2
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FIG. 10. Multiplication M of electrons(a), ionization source
function S;(x) (b) and He densityn;(x) (c) for different values of
the discharge voltage, at constant pressurp=2 mbar.

The effect of the changing pressure on t8¢x) and
n;(x) functions at constant linear current density of 6 mA/cm
is shown in Figs. 1() and 11b), respectively. At the high-
est pressure investigated tt®(x) function exhibits two
peaks, corresponding to the electron avalanches starting from
the “left” and “right” cathodes. With decreasing pressure,
as we approach the region of the hollow cathode effect, the
ionization source becomes gradually more uniform in the
central region of the discharge. The densityof He™ ions

by the solid line is the sum of source functions corresponding tcalong theX axis of the discharge always peaksxat0. The
electron avalanches starting from the “left” and “right” cathodes. peak value ofn; decreases by about a factor of 5 as the
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The difference of the plasma potenti#the highest poten-
tial in the negative gloywand the anode potential was always
found to be 5 — 6 V, independently of the discharge condi-
tions.

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

As a high number of fast electrons are absorbed on the
anode surfaces, it is expected that their possible backscatter-
ing (reflection into the discharge volume has a significant
effect on the discharge parameters. Such effects have already
been found to be important in obstructed dischafg@s44.

In the following we present characteristic results of the
effect of electron backscattering from the anode. In our cal-
culations we have assumed that the fast electtahsch are
traced in the Monte Carlo simulatipare reflected from the
anode with a probability independent of the electron energy
and angle of incidence. The results are presented for a back-
scattering coefficieniR=0.2, withp=2 mbar andv=300 V.

(We use a relatively low value for the backscattering coeffi-
cient, for metal electrodeR is expected to be higher. Nev-
ertheless, the valuR=0.2 already clearly indicates the ef-
fects caused by the backscattering of fast electrons from the
anodes.

Figures 12a) and 12b) show the ionization source func-
tion S;(x) and the ion density;(x) along theX axis of the
discharge, respectively, calculated without and including the
backscattering of fast electrons from the anode. It can be
seen in Fig. 1@) that the ionization source function is in-
creased by a factor 6t 1.5 atR=0.2 compared to its value
at R=0; this increase results from the additional ionization
created by the backscattered electrons. Because of the en-
hanced ionization rate the density of charged particles is also
increased. In the center of the discharge the ion density is
increased by 90% for the above parameters, see Fig).12
The increase 0§ andn; is also accompanied by an increase
in the linear current density. AR=0.2 the linear current
density was found to be 4.9 mA/cm fgr=2 mbar and
V=300 V, whereas foR=0 it was 3.0 mA/cm for the same
voltage and pressure. It can also be seen from Fith) XBat
there is a reduction in the length of the cathode sheath.

Figure 12c) shows theP(k) distributions obtained at
backscattering coefficien2=0.2 andR=0. It can also be
seen in this figure that the probability of produckg 3 ions
decreased @R=0.2 whereas electron avalanches witis
<8 became more frequent. The probability of producing

(b) and the probability of producing zero ions in electron ava-k=0 ions in an electron avalanche decreased to 12% from
lancheg(c) for different values of helium pressure, at constant linearp (k= 0)=14%, found atR=0.

current density of/L=6 mA/cm.

pressure decreases from 4 mbar to 1.55 mbar, althoud the

D. Comparison with experiment

The only published data obtained for a similar electrode

source function decreases only by 20-30%. This effect cagonfiguration are those of Rocca and Floyd, who investigated
be explained by the increasing rate of losses at lower pregne effect of the longitudinal magnetic field on the discharge
sures. The probability that a primary electron is absorbed ogharacteristic§30]. The electrode configuration described in

the anode surface before producing any ipRék=0)] in-

Ref.[30] is similar to our discharge arrangement though the

creases drastically with decreasing pressure, as can be seggerating conditions are different. Rocca and Floyd’s hollow

in Fig. 11(c). This is one of the effects that can explain the cathode discharge had a rectangular cross section with a
gradually increasing slope of the voltage-linear current deneathode to anode surface ratio of 1/2, the width of the cath-
sity curves with decreasing pressisee Fig. 2.

odes and the anodes was 0.7 and 1.4 cm, respectively, their



— v \'\v
@ 254 y=0 J . R=02
E -
O 204 /v/ '\v\
© 15- y A
- 07 / A, \
< 10 7S R=00 A,
- | /‘/ \,
S 054 7/ N\
oo-llllx‘/ \‘Xlll
. : T r T r T .
-0.50 -0.25 0.00 0.25 0.50
X [cm]
15 -
. (C)
10 - R=00
5
= o
Q. 15-
104 R=02
5
0=
0 2 4 6 8 10 12 14
k

FIG. 12. Effect of backscattering of fast electrons from the an-
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length was 6 cm. The discharge was operated in dc an
pulsed mode. For the dc measurements a Q0bkllast re-
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case—was due to the largely increased anode surface where
the energetic electrons are absorbed with a much higher
probability.

To compare the results of the present model with the ex-
perimental data we modified our discharge arrangement in
accordance with the dimensions given[80] and included
the external resistor in our simulations. After every time step
in the fluid model the anode potential was adjusted according
to the value of the discharge current in the previous time
step. To study the effect of the longitudinal magnetic field,
the fluid equations were solved over one “half”’ of the cross
section of the discharge, on a 229 grid. The dominant
effect of longitudinal magnetic field in this type of discharge
arrangement is assumed to be on the motion of fast electrons,
which play the main role in maintaining the discharge. Thus
the magnetic field was taken into account only in the Monte
Carlo simulation of fast electrons.

We could reproduce the electrical characteristics of the
discharge(at B=0) at a higher pressure than that given in
[30]. To achievel =30 mA at 1800 V source voltagd 500
V discharge voltagethe pressure had to be taken@s 2.9
mbar instead of the experimental value 2.0 mkeworre-
sponding to the conditions given in Fig. 2 of RE80]). This
difference can be explained as follows:

(1) In the simulations the anodes of the discharge were
assumed to absorb the electrons arriving there. The pos-
sible backscattering of fast electrons from the anode sur-
faces is expected to play a more important role in the
experiment as the cathode to anode surface ratio was 1/2
in contrast to the symmetrical discharge studied in the
model.

At discharge voltages in the 1500-2000 V range the
ionization by fast heavy particles may start to play a role
in the maintenance of the discharge. Such processes can
be excluded in the 200—400 V voltage range.

We neglected gas heating in our calculations. However,
under the experimental conditions the electrical input
power into unit length of the discharge is significantly
higher than for the simulation conditions.

In the simulations the increasing magnetic field resulted in
a decrease of the discharge current, in agreement with the
experimentally found behavior. However, compared with ex-
periment in our calculations a faster decrease was fdtied
currentl =30 mA atB=0 decreased to 24 mA in the experi-
ment and to 10 mA in our simulationsWe believe that the
decrease of current would be less abrupt if we take into ac-
count the backscattering of fast electrons from the anodes. In
this way the agreement between experiment and the results
of calculations could be further improved. We plan to
investigate—both theoretically and experimentally—the ef-
fbct of electron backscattering from the anode on the dis-
charge characteristics.

)

)

sistor was connected between a stable voltage source and the

discharge tube. It was found that a magnetic field in Bhe

~ 10 mT range decreased the discharge current by more than

an order of magnitude. The typical operating pressure was i
the 1-2 Torr(=1.3-2.6 mbarrange and the discharge volt-

age ranged between 1500 and 2000 V. The high operatin
voltage—being approximately 5 times higher than in our

IV. SUMMARY

n We have investigated a rectangular, transverse hollow
cathode discharge by means of a two-dimensional self-
consistent hybrid model. The high energy electrons were
traced by Monte Carlo simulation to provide a fully kinetic
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description of their motion. For the slow electrons and forfrom the negative glow explain the increased slope voltage-
positive ions a fluid model was used, the continuity, the modinear current density characteristics, compared with cylin-
mentum transfer equations, and the Poisson equation wetfical hollow cathode discharges.
solved using an implicit integration scheme. The calculations gave evidence for the presence of the
The calculations were carried out for a cold-cathode abhollow cathode effect in the discharge, in the range of oper-
normal glow discharge in helium, under stationary condi-ating conditions investigated. The shape of the ionization
tions, at low pressurgd.55—4 mbarand moderaté~1 mA/  source function was found to exhibit a characteristic change
cn¥) current densities. with decreasing pressure due to the gradually increasing
It was found that in the central region of the dischafige  overlap of ionization source functions corresponding to elec-
the negative glowa plasma potential approximately 5 — 6 V tron avalanches starting from the opposing cathodes.
higher than the anode potential develops. The potential dis- High-energy electrons backscattered from the anodes re-
tribution in the cross section of the discharge ensures that théulted in ~90% increase of the He density and~60%

ions produced above the necessary amount to sustain thgcrease of the linear current density fp=2 mbar and

discharge are directed towards the anode. This results in\@=300 v, atR=0.2.

significant positive ion flux to the anodeomparable to the  Comparison of the results of simulations with experimen-

ion flux to the cathode tal data showed reasonable agreement. We suggest that if the
For the discharge conditions investigated the negativ§yackscattering of fast electrons from the anodes is considered

glow of the discharge was found to consist of a quasineutraland the detailed features of the backscattering process are

plasma with typical charged particle concentration in the ortaken into accouptthis would enhance the agreement.
der of 10t ecm™3,

The energy distribution function of electrons absorbed by
the anode indicated that a s_ign'ificant number of high-engrgy ACKNOWLEDGMENTS
electrons are absorbed, which is a major loss for the mainte-
nance of the discharge. It was also found that a number of | thank A. Bogaerts, L. C. Pitchford, J. P. Boeuf, J. J.
primary electrons are absorbed by the anode before theigocca, K. Rasa, and L. Szalai for helpful discussions, and
could produce any ions. The losses of high-energy electronthe Hungarian Science Foundation for supporting this work
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