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The motion of high-energy electrons was studied in a helium hollow cathode discharge using 
Monte Carlo simulation. The calculations were carried out in the pressure range of 2 - 1 0 mbar. The 
length of the cathode dark space (CDS) was determined by simulation in an iterative way using 
experimental voltage-current density characteristics of the discharge. At the lowest helium pressure 
(2 mbar) the concentration of high-energy electrons was found to be the same at the CDS-negative 
glow boundary and at the midplane of the discharge while at 8 mbars it was found to be by 
1 - 2 orders of magnitude smaller. The results of our calculations support the existence of "oscillat-
ing" electrons. The probability of 1, 2 and 3 transfers through the negative glow (NG) for primary 
electrons was found to be 37%, 11 % and 2%, respectively, at 2 mbar pressure. The spatial distribu-
tion of ionizations and the angular distribution of electron velocity at the CDS-NG boundary were 
also investigated. The pressure dependence of the current balance at the cathode was obtained, and 
the results indicate that with decreasing pressure other secondary emission processes than ion impact 
become important in the maintenance of the discharge. 

Key words: Hollow cathode discharge, Electron energy distribution, Monte Carlo simulation, 
Oscillating electrons, Current balance. 

1. Introduction 

The propert ies of (cold cathode) hollow ca thode 
(HC) glow discharges have been examined for a long 
time [ 1 - 7 ] . The main uses of this type of discharges 
are hol low cathode light sources [8, 9] and gas lasers 
[10 -13] . 

The hol low cathode effect occurs when for example 
the separa t ion of two parallel plane cathodes is de-
creased f rom a large distance and the separate nega-
tive glows start to coalesce. If a fixed voltage is 
applied, the discharge current may rise orders of mag-
ni tude compared to the "normal" current in a single 
p lane ca thode discharge. 

According to [14] three different phenomena con-
t r ibute to the hollow ca thode effect: 

- because of the ca thode geometry pho tons and 
metas tab le a toms can reach the ca thode with a 
higher probabil i ty and release more electrons than 
in an ordinary discharge, 

- as proposed by Güntherschulze [15], there may exist 
so-called "pendelelectrons" which oscillate between 
the opposi te ca thode surfaces and increase the ion-
ization and excitation rate [16], 
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- due to the increased concent ra t ion of excited and 
charged species in the negative glow addit ional pro-
cesses (the rates of which depend nonlinearly on the 
concentrat ions) may become significant and in-
crease fur ther the current at constant voltage. 

The first experimental evidence of the existence of 
oscillating electrons was given by Helm [14] who ob-
served electrons at the ca thode emitted f rom a probe 
on the opposi te side of a cylindrical hollow cathode. 

Those electrons emitted f rom one of the cathodes 
and reaching the "oppos i te" ca thode surface have the 
same energy dis t r ibut ion as the pr imary ones. These 
slow electrons have a great chance to get absorbed by 
the ca thode [17]. At low pressures this effect causes a 
significant loss in the ionizat ion rate and limits the 
lowest possible opera t ing pressure of the H C dis-
charge [14]. 

In ordinary plane ca thode discharges the role of 
ultraviolet (UV) pho tons in the maintenance of the 
discharge was found to be relatively un impor tan t [18]. 
O n the other hand , in H C discharges the high impor-
tance of photoelec t rons emitted by the ca thode due to 
U V radia t ion f rom the discharge has been experimen-
tally demons t ra ted [19, 20]. 

M u c h work has been devoted to the study of the 
ca thode region of glow discharges in ordinary plane 
and hollow ca thode geometries [ 3 - 7 , 2 1 - 2 9 ] . This 
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paper reports on our investigations on hollow ca thode 
(HC) discharges aiming to get detailed informat ion on 
the mot ion of electrons. O u r calculat ions were based 
on Monte Car lo simulation. The length of the ca thode 
dark space (CDS) was obtained using measured 
voltage-current density characteristics of the discharge. 
The electron energy distr ibut ion funct ion ( E E D F ) at 
the CDS-negat ive glow (NG) bounda ry and at the 
midplane of the discharge was calculated at different 
pressures. The probabil i ty of multiple transfers 
through the N G for pr imary electrons was determined 
in order to see whether there exist "oscillating" elec-
trons in the discharge. The spatial dis t r ibut ion of ion-
izations, the angular dis tr ibut ion of electrons at the 
C D S - N G boundary were also investigated as well, as 
the pressure dependence of the current balance at the 
cathode. In the calculations we used a fixed ca thode 
separat ion L = 1 cm and carried out calculat ions in 
the p = 2 to 10 m b a r pressure range. 

2. The Model of the Discharge 

The discharge geometry and the electric field distri-
but ion considered in the model are shown in Figure 1. 
The cathodes of the discharge (CI and C2) are round 
shaped having a radius R and they are placed parallel 

E(x) 

- E o H 
Fig. 1. The hollow cathode discharge geometry used in the 
calculations and the specified E(x) electric field distribution. 
(CI and C2: cathodes, A: anode, L: the distance between the 
cathodes, R: radius of the cathodes, dashed region: negative 
glow, d: the length of the CDS). 

to each other at a distance L. The anode (A) is placed 
a round the negative glow region at L /2 distance f r o m 
the cathodes. In the model the 2 R > L case is con-
sidered, i.e. edge effects are ignored. 

The mot ion of electrons in the H C was described by 
M o n t e Car lo simulation. 

The electric field distribution (see Fig. 1) is specified 
a priori based on experimental investigations [1]. In 
the C D S a linearly decreasing electric field distr ibu-
tion was applied. The electric field at the C D S - N G 
bounda ry was supposed to be 5 eV/cm. This small 
residual field does not modify the results of the calcu-
lation significantly but the zero field posit ion must be 
excluded f rom the C D S because of the applied M o n t e 
Car lo procedure [22], The negative glow was sup-
posed to be free of electric field [1], 

Recent experimental investigations pointed out tha t 
the number of ions entering the C D S f rom the N G is 
small compared to the number of those created in the 
C D S [30, 24]. In the model we assume that no ions 
enter the C D S from the N G . 

The elementary collision processes considered in 
the model are anisotrope elastic electron scattering, 
electronic excitation, and electron impact ionization. 

2.1. The Method of the Simulation 

In the algori thm of simulation the electrons are 
released one by one f rom one of the cathodes (CI, see 
Figure 1). The mot ion of the emitted electrons and all 
addi t ional electrons created in ionizing collisions are 
traced by the C D S and N G Mon te Car lo procedures. 
The C D S M o n t e Car lo procedure is based on the 
work of Boeuf and M a r o d e [22], the N G Monte Car lo 
procedure is simpler because the N G is supposed to be 
free of electric field. In these procedures the distance 
between successive collisions of electrons is deter-
mined by r a n d o m numbers . The accelerating effect of 
the electric field (in the CDS) and the energy depen-
dence of collision cross sections are taken into account. 
In the C D S simulation procedure the null-collision 
method is applied to speed-up the computat ion [31,22]. 

The electrons are traced until they leave the C D S or 
their kinetic energy falls below the ionization poten-
tial of helium (£ ; = 24.56 eV) in the N G . The low en-
ergy electrons are t rapped in the negative glow and do 
not contr ibute to direct electron impact ionization. 
They may part icipate in excitation, cumulat ive ioniza-
tion processes (not considered in the model) and carry 
the current to the anode. 
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Al though the electric field is one dimensional, the 
electrons move in a three dimensional space. The state 
of an electron in the phase space is characterized by its 
posi t ion (x), energy (e) and cosine (p) of the angle 6 
measured between the x-axis and the electron's veloc-
ity vector (as in [22]). 

The cross sections of the considered elementary 
processes are t aken f rom [32] and [33]. In the case of 
elastic scattering the scattering angle is determined 
r a n d o m l y considering the form of the differential cross 
section of the process used by Boeuf and M a r o d e [22]. 
The scattering af ter excitation is assumed to be 
isotropic, the scat ter ing angle is chosen randomly, as 
well as the energy loss of the electron. In the ionization 
process the scattered and ejected electrons share the 
remaining kinetic energy and the directions of their 
velocity vectors are assumed to be coplanar and per-
pendicular [22]. 

T h e electrons are emitted f rom the ca thode with an 
initial energy r andomly distributed between zero and 
(£ ; — 2 £ 0 ) e V , where £ , and E0 are the ionization 
potent ia l of He an d the work funct ion of the ca thode 
material , respectively [34]. 

In the s imulat ion the electrons may be absorbed by 
or reflected f rom any of the two cathodes, the reflec-
t ion coefficient was taken to be 0.2 [17]. 

In the s imulat ion only the half of the H C discharge 
is considered. Because of the symmetry, whenever an 
electron crosses the midplane of the HC, another elec-
t ron is supposed to arrive f rom the other side with the 
same energy and oppositely directed velocity. 

While t racing the electrons the electron energy dis-
t r ibut ion funct ion ( E E D F ) builds u p at given posi-
t ions in the discharge region [22]. Also the fluxes of 
electrons and H e + ions per emitted electron are ob-
tained in the C D S . These quanti t ies already make it 
possible to calculate the current density as it is shown 
in some detail in the following. 

2.2. Calculation of the Discharge Parameters 

O u r pr imary a im is to be able to calculate the cur-
rent density f rom the given voltage and the results of 
the simulat ion. 

The v+(x) average velocity of H e + ions in the C D S 
is given by 

v+(x) = 
2e E(x) 

nnM <rc 
(1) 

where e is the electronic charge, n the He concentra-
tion, M the H e + ion mass and crs the cross section of 
the H e + -I- He -* He + H e + symmetric charge transfer 
process [24], The cross section <xs depends, however, 
on the e = M(v+)2/2 kinetic energy of the ion as [35-37] 

<xs = kl - k2 • ln(a) , (2) 

where kt and k2 can be considered to be constants 
within the ion velocity range of interest and are known 
f rom experimental investigations [37]. The average 
ion velocity v+ is calculated by the iterative solution of 
(1) and (2). 

F r o m the M C simulat ion we obta in the fluxes of 
electrons and H e + ions per emitted electron: F~(x) 
and F + ( x ) . The current density consist of electron and 
ion current densities and j=j~{x) + j+(x) holds in the 
s ta t ionary case. Moreover we can define 0 (x ) as 

j+(x) F+(x) 

F+(x) + F~(x) 
(3) 

Since the positive space charge (created by H e + ions) 
is dominan t in the C D S the Poisson equa t ion may be 
wri t ten: 

dEjx) 1 
— : — = — r M , 

d x £n 
(4) 

where q+ is the positive space charge Q+(x)=j+(x)/v+(x). 
Using the bounda ry condi t ion that the electric field at 
the C D S - N G b o u n d a r y is, E(x = d)^0 the electric 
field dis t r ibut ion in the C D S is ob ta ined by inte-
grat ion of (4): 

E(x) = - - ] e
+ ( Z ) d t = - - j f ^ 

£o d e o J v • (Ö 
(5) 

Fur the rmore the discharge voltage is: 

f 1 
V = E(x) dx = j J Q 

d x , (6) 

f rom which the discharge current density j can be 
calculated. 

This calculat ion is s t ra ightforward if d, the length of 
the C D S is known (e.g. f rom experiments). When d is 
only approximate ly k n o w n and the j(V) characteris-
tics of the discharge are measured, d may be deter-
mined in an iterative way. The s imulat ion is carried 
out using the same voltage and pressure values as in 
the experiment, and d is adjus ted in the consecutive 
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Fig. 2. The measured V(p) characteristics of the discharge 
( + ) at constant j = 1 mA/cm 2 and the length of the C D S (•) 
as a function of p. 

runs to result in a current density in agreement with 
the measured value. In our calculations the latter 
method was chosen. 

3. Experimental 

Because of the lack of experimental da ta on d in 
hollow ca thode discharges an experiment was carried 
out to obtain the voltage-current density [V(jj] char-
acteristics of the discharge. In order to keep the gas 
relatively cool the V[j) characteristics of the discharge 
were recorded in pulsed opera t ion and using the aver-
aging mode on a H P 54501 A digitizing oscilloscope. 

The experimental discharge tube consisted of 
48.5 m m diameter r o u n d faced electrodes placed 
10 m m apar t serving as cathodes. The anode was a 
circle shaped wire of a b o u t 52 m m diameter placed at 
half distance between the electrodes. The ca thode 
material was high puri ty a luminium. 

The measured discharge voltage (obtained f rom the 
V(j) curves) as a funct ion of He pressure is shown in 
Fig. 2 at a constant current density of 1 mA/cm 2 . 
Starting f rom 10 m b a r pressure the voltage decreases 
towards lower pressures. It can be seen that the lowest 
voltage representing the best operat ing condi t ions for 
the H C discharge occurs at p = 4 mbar . At even lower 
pressures the voltage increases rapidly. The pressure 
dependence of the length of the C D S (calculated in the 
iterative manner explained in 2.2) is also plotted in 
Figure 2. 

4. Results and Discussion 

In the following, results obtained f rom the calcula-
tions are presented. 

In Figs. 3 and 4 the E E D F is shown at 2 and 8 m b a r 
pressures at x = d ( C D S - N G boundary) and at x = L /2 
(midplane of the discharge). The peak in the E E D F at 
the highest electron energies represents the beam elec-
trons. The shape of these peaks is identical to the 
initial energy distribution of pr imary electrons. Fig-
ure 3 indicates that the density of beam electrons at 
the C D S - N G boundary at 8 mbar pressure is by one 
order of magni tude smaller than that at 2 mbar . At the 
midplane of the discharge this ratio is abou t 1/100. It 
can also be noticed that the beam electron density at 
x = d and at x = L/2 is abou t the same at 2 mbar . 
Con t ra ry to this, the beam electron density decreases 
by abou t an order of magni tude f rom the b o u n d a r y to 
the middle of the discharge at 8 mbar pressure. 

The pr imary electrons emitted f rom the ca thode are 
accelerated in the C D S and may cross the negative 
glow once or several times. Figure 5 shows the pres-
sure dependence of the probability that a pr imary elec-
t ron crosses the N G once, twice and three times. It can 
be seen in Fig. 5 that at the lowest pressure (2 mbar) 
abou t 37% of the pr imary electrons emitted f rom the 
"left" ca thode fly into the opposite ("right") CDS, 
« 1 1 % comes back to the "left" C D S and « 2 % 
crosses the N G once more. The probabil i t ies of the 
given numbers of transfers fall closely exponential ly as 
the pressure increases. It is noted that at the "opt imal 
pressure" (at the lowest operat ing voltage) only ~ 9 % 
of the pr imary electrons cross the N G and the prob-
ability of multiple transfers is rather small. 

The angular distribution of the electron's mo t ion at 
a given x = x 0 plane can be visualized by s tor ing the e 
and p values for each electron crossing the x = x 0 

plane and plott ing the stored values as do t s on the 
(e, p) phase plane. Also the axial vx and radial vR com-
ponents of the velocity instead of e and p may be 
used. (vx and vR are related to the s and p variables 
as vx = v • p and t'R = ±v ]/1 — p2, where v = ] / 2 e /m, 
m being the mass of the electron. It is noted tha t the 
velocity space is spherically symmetric a r o u n d the 
x axis (i.e. all radial directions are equivalent). The 
sign of vx indicates the direction of the electron's 
velocity: the dots on the half plane ^ > 0 cor respond 
to electrons moving from the C D S to the N G and on 
the half plane vx < 0 to those moving f rom the N G 
towards the CDS. In Figs. 6 and 7 the angular distri-
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Fig. 4. The EEDF at the midplane of the hollow cathode 
discharge (x = L/2) at 2 and 8 mbar pressure. (The increased 
noise of the EEDF at 8 mbar occurs because of the small 
number of electrons reaching the midplane of the discharge 
at this pressure.) 

but ion is plot ted at the C D S - N G bounda ry (x = d) at 
pressures of 2 an d 8 mbar . It can be seen in Figs. 6 
and 7 tha t the electrons enter the N G in a quite wide 
range of angles. The dots on the vx < 0 half plane in 
Fig. 6 indicate that at 2 m b a r there is a significant 

backward flux of electrons into the C D S f rom the N G . 
This flux consist of electrons which are backscat tered 
from the N G , created in the N G in an ionizat ion 
process or came th rough the N G f rom the opposi te 
CDS. At 8 m b a r the number of electrons tha t cross the 
N G is marginal (see Figure 5). The result of this can be 
clearly seen in the phase plane plot of Fig. 7: the n u m -
ber of backward moving high energy electrons is very 
small. 

In the H C discharge the electrons start ing f rom 
both ca thodes cont r ibute to the ionizat ion in the neg-
ative glow and even in the "opposi te" ca thode da rk 
space. Figure 8 shows the source funct ion 9n + (x) /9r of 
He + ions at p = 4 m b a r pressure. The total source 
function is the sum of two funct ions corresponding to 
the electrons (and electron avalanches) s tar t ing f rom 
the "left" and "r ight" cathodes. The total source func-
tion exhibits a characterist ic behaviour as the opera t -
ing pressure is changed. This dependence is plot ted in 
Figure 9. 

The current balance at the ca thode is defined as the 
ratio of the ion to the electron current density j + / j ~ . In 
plane ca thode discharges in helium den H a r t o g et al. 
have found a typical value « 3.3 for the current bal-
ance [24]. It was noted by them tha t this value does 
not imply a secondary emission coefficient of « 0.3 for 
ion impact since other electron emission processes 
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t h a n ion i m p a c t m a y a lso t a k e p a r t in the m a i n t e -
n a n c e of t he d i scha rge . T h e resul ts fo r the c u r r e n t 
b a l a n c e of the p re sen t M o n t e C a r l o s i m u l a t i o n s a re 
s h o w n in F i g u r e 10. At h ighe r p ressures , whe re the 
d i scha rge b e h a v e s m o r e like a p l a n e single c a t h o d e 

d ischarge , the o b t a i n e d c u r r e n t b a l a n c e va lues a re 
close t o 3. W i t h dec reas ing p re s su re (i.e. t o w a r d s the 
ho l low c a t h o d e o p e r a t i o n m o d e ) j+/j~ dec reases sig-
nif icant ly. Th i s ind ica tes even w i t h o u t t he k n o w l e d g e 
of the ac tua l e lec t ron emis s ion coeff ic ients of the dif-
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Fig. 10. The dependence of the current balance j+/j~ at the 
cathode of the discharge on helium pressure. 

ferent processes tha t o ther processes than ion impact 
become more impor t an t at lower pressures. This is 
in accordance with the observation tha t in hollow 
ca thode discharges the enhanced U V radia t ion from 
the N G contr ibutes in a significant way to the mainte-
nance of the discharge. 

5. Conclusions 

The mot ion of high energy (a > E t = 24.56 eV) elec-
t rons in a helium hol low cathode discharge has been 
studied using M o n t e Ca r lo simulation. The length of 
the C D S in the plane parallel H C discharge was deter-
mined by applying the simulat ion in an iterative way 
and using experimentally measured current density-
voltage characteristics. The calculations were carried 
out in the pressure range of 2 - 1 0 m b a r at j = 1 mA/ 
cm 2 . The low value of the current density justifies the 
ignorance of cumulat ive processes and thermal effects. 

The compar i son of the electron energy distr ibution 
funct ions ( E E D F ) at the C D S - N G b o u n d a r y and at 
the midplane of the discharge showed tha t there is a 
s t rong pressure dependence: T h e concent ra t ion of 
high energy electrons 

- is abou t the same at the two posit ions at 2 mbar , 
- at 8 m b a r pressure it is by 1 and 2 orders of magni-

tude smaller than at 2 m b a r at the C D S - N G 
bounda ry and at the midplane, respectively. 

As it was expected at low pressures many electrons 
cross the negative glow. At 2 m b a r the probabi l i ty of 
1, 2 and 3 transfers for pr imary electron were found to 
be 37%, 11% an d 2 % , respectively. The decrease of 
the transfer probabil i t ies with increasing pressure is 
close to exponential . These results suppor t the possi-
bility of multiple transfers of electrons th rough the 
negative glow, i.e. the existence of oscillating electrons. 

The angular distr ibution of the electron velocity at 
the C D S - N G b o u n d a r y was found to be ra ther wide. 
The phase plane por t ra i t s at the C D S - N G bounda ry 
indicated the backscat ter ing of electrons f r o m the N G , 
and also that at low pressures there exists a significant 
flux of high energy electrons f rom the "opposi te" CDS. 

The source funct ion corresponding to electron im-
pact ionization showed a characterist ic pressure de-
pendence. 

The pressure dependence of the current balance 
(j+/j~) a t the ca thode indicated tha t with decreasing 
pressure other secondary electron emission processes 
than ion impact become more impor tan t . 
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