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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—10 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.
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1. Introduction — due to the increased concentration of excited and

charged species in the negative glow additional pro-

The properties of (cold cathode) hollow cathode cesses (the rates of which depend nonlinearly on the

(HC) glow discharges have been examined for a long concentrations) may become significant and in-
time [1—7]. The main uses of this type of discharges crease further the current at constant voltage.

;rg_hio ;}(.)w rsibanln Tightsovee | Sharel g5 laes The first experimental evidence of the existence of

oscillating electrons was given by Helm [14] who ob-
served electrons at the cathode emitted from a probe
on the opposite side of a cylindrical hollow cathode.

Those electrons emitted from one of the cathodes
and reaching the “opposite” cathode surface have the
same energy distribution as the primary ones. These
slow electrons have a great chance to get absorbed by
the cathode [17]. At low pressures this effect causes a
significant loss in the ionization rate and limits the

lowest possible operating pressure of the HC dis-
— because of the cathode geometry photons and  charge [14].

The hollow cathode effect occurs when for example
the separation of two parallel plane cathodes is de-
creased from 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-
nitude compared to the “normal” current in a single
plane cathode discharge.

According to [14] three different phenomena con-
tribute to the hollow cathode effect:

metastable atoms can reach the cathode with a In ordinary plane cathode discharges the role of
higher probability and release more electrons than  yjtraviolet (UV) photons in the maintenance of the
in an ordinary discharge, discharge was found to be relatively unimportant [18].

— as proposed by Giintherschulze [15], there may exist ~ On the other hand, in HC discharges the high impor-
so-called “pendelelectrons” which oscillate between  tance of photoelectrons emitted by the cathode due to
the opposite cathode surfaces and increase the ion-  {JV radiation from the discharge has been experimen-
ization and excitation rate [16], tally demonstrated [19, 20].
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paper reports on our investigations on hollow cathode
(HC) discharges aiming to get detailed information on
the motion of electrons. Our calculations were based
on Monte Carlo simulation. The length of the cathode
dark space (CDS) was obtained using measured
voltage-current density characteristics of the discharge.
The electron energy distribution function (EEDF) at
the CDS-negative glow (NG) boundary and at the
midplane of the discharge was calculated at different
pressures. The probability of multiple transfers
through the NG for primary electrons was determined
in order to see whether there exist “oscillating” elec-
trons in the discharge. The spatial distribution of ion-
izations, the angular distribution of electrons at the
CDS-NG boundary were also investigated as well, as
the pressure dependence of the current balance at the
cathode. In the calculations we used a fixed cathode
separation L=1 cm and carried out calculations in
the p =2 to 10 mbar pressure range.

2. The Model of the Discharge

The discharge geometry and the electric field distri-
bution considered in the model are shown in Figure 1.
The cathodes of the discharge (C1 and C2) are round
shaped having a radius R and they are placed parallel

=B, i \
Fig. 1. The hollow cathode discharge geometry used in the
calculations and the specified E (x) electric field distribution.
(C1 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).
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to each other at a distance L. The anode (A) is placed
around the negative glow region at L/2 distance from
the cathodes. In the model the 2R > L case is con-
sidered, i.e. edge effects are ignored.

The motion of electrons in the HC was described by
Monte Carlo simulation.

The electric field distribution (see Fig. 1) is specified
a priori based on experimental investigations [1]. In
the CDS a linearly decreasing electric field distribu-
tion was applied. The electric field at the CDS-NG
boundary was supposed to be 5eV/cm. This small
residual field does not modify the results of the calcu-
lation significantly but the zero field position must be
excluded from the CDS because of the applied Monte
Carlo procedure [22]. The negative glow was sup-
posed to be free of electric field [1].

Recent experimental investigations pointed out that
the number of ions entering the CDS from the NG is
small compared to the number of those created in the
CDS [30, 24]. In the model we assume that no ions
enter the CDS from the NG.

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 algorithm of simulation the electrons are
released one by one from one of the cathodes (C1, see
Figure 1). The motion of the emitted electrons and all
additional electrons created in ionizing collisions are
traced by the CDS and NG Monte Carlo procedures.
The CDS Monte Carlo procedure is based on the
work of Boeuf and Marode [22], the NG Monte Carlo
procedure is simpler because the NG is supposed to be
free of electric field. In these procedures the distance
between successive collisions of electrons is deter-
mined by random 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 CDS simulation procedure the null-collision
method is applied to speed-up the computation [31, 22].

The electrons are traced until they leave the CDS or
their kinetic energy falls below the ionization poten-
tial of helium (E; = 24.56 ¢V) in the NG. The low en-
ergy electrons are trapped in the negative glow and do
not contribute to direct electron impact ionization.
They may participate in excitation, cumulative ioniza-
tion processes (not considered in the model) and carry
the current to the anode.
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Although 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
position (x), energy (¢) and cosine (u) 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 taken from [32] and [33]. In the case of
elastic scattering the scattering angle is determined
randomly considering the form of the differential cross
section of the process used by Boeuf and Marode [22].
The scattering after excitation is assumed to be
isotropic, the scattering 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].

The electrons are emitted from the cathode with an
initial energy randomly distributed between zero and
(E;—2E,) eV, where E; and E, are the ionization
potential of He and the work function of the cathode
material, respectively [34].

In the simulation the electrons may be absorbed by
or reflected from any of the two cathodes, the reflec-
tion coefficient was taken to be 0.2 [17].

In the simulation only the half of the HC discharge
is considered. Because of the symmetry, whenever an
electron crosses the midplane of the HC, another elec-
tron is supposed to arrive from the other side with the
same energy and oppositely directed velocity.

While tracing the electrons the electron energy dis-
tribution function (EEDF) builds up at given posi-
tions in the discharge region [22]. Also the fluxes of
electrons and He* ions per emitted electron are ob-
tained in the CDS. These quantities 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

Our primary aim is to be able to calculate the cur-
rent density from the given voltage and the results of
the simulation.

The v*(x) average velocity of He* ions in the CDS
is given by
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where e is the electronic charge, n the He concentra-
tion, M the He* ion mass and o, the cross section of
the He* + He — He + He* symmetric charge transfer
process [24]. The cross section o, depends, however,
on the e= M (v*)?/2 kinetic energy of the ion as [35-37]

o, =k, —k,-In(e), @)

where k; and k, can be considered to be constants
within the ion velocity range of interest and are known
from experimental investigations [37]. The average
ion velocity v™ is calculated by the iterative solution of
(1) and (2).

From the MC simulation we obtain the fluxes of
electrons and He" 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
stationary case. Moreover we can define ¢(x) as

) F')
j F*(X)+ F(x)

¢(x)= A3)
Since the positive space charge (created by He™ ions)
is dominant in the CDS the Poisson equation may be
written:

dE(x) 1

e A o)

where o* is the positive space charge o*(x)=j"(x)/v* (x).
Using the boundary condition that the electric field at
the CDS-NG boundary is, E(x=d) = 0 the electric
field distribution in the CDS is obtained by inte-
gration of (4):

CtiL 1 (@
Em-—%ggmﬁ— ) e ©

Furthermore the discharge voltage is:

d X
e 1. ¢(&) dé
V=|EXx)dx=—— dx, 6
g %’!dw@ v 0

from which the discharge current density j can be
calculated.

This calculation is straightforward if d, the length of
the CDS is known (e.g. from experiments). When d is
only approximately known and the j(V) characteris-
tics of the discharge are measured, d may be deter-
mined in an iterative way. The simulation is carried
out using the same voltage and pressure values as in
the experiment, and d is adjusted in the consecutive
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Fig. 2. The measured V(p) characteristics of the discharge
(+) at constant j = 1 mA/cm? and the length of the CDS (o)
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 data on d in
hollow cathode discharges an experiment was carried
out to obtain the voltage-current density [V(j)] char-
acteristics of the discharge. In order to keep the gas
relatively cool the V(j) characteristics of the discharge
were recorded in pulsed operation and using the aver-
aging mode on a HP 54501 A digitizing oscilloscope.

The experimental discharge tube consisted of
48.5mm diameter round faced electrodes placed
10 mm apart serving as cathodes. The anode was a
circle shaped wire of about 52 mm diameter placed at
half distance between the electrodes. The cathode
material was high purity aluminium.

The measured discharge voltage (obtained from the
V(j) curves) as a function of He pressure is shown in
Fig. 2 at a constant current density of 1 mA/cm?.
Starting from 10 mbar pressure the voltage decreases
towards lower pressures. It can be seen that the lowest
voltage representing the best operating conditions for
the HC discharge occurs at p=4 mbar. At even lower
pressures the voltage increases rapidly. The pressure
dependence of the length of the CDS (calculated in the
iterative manner explained in 2.2) is also plotted in
Figure 2.
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4. Results and Discussion

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

In Figs. 3 and 4 the EEDF is shown at 2 and 8 mbar
pressures at x=d (CDS-NG boundary) and at x=L/2
(midplane of the discharge). The peak in the EEDF at
the highest electron energies represents the beam elec-
trons. The shape of these peaks is identical to the
initial energy distribution of primary electrons. Fig-
ure 3 indicates that the density of beam electrons at
the CDS-NG boundary at 8 mbar pressure is by one
order of magnitude smaller than that at 2 mbar. At the
midplane of the discharge this ratio is about 1/100. It
can also be noticed that the beam electron density at
x=d and at x=L/2 is about the same at 2 mbar.
Contrary to this, the beam electron density decreases
by about an order of magnitude from the boundary to
the middle of the discharge at 8 mbar pressure.

The primary electrons emitted from the cathode are
accelerated in the CDS and may cross the negative
glow once or several times. Figure 5 shows the pres-
sure dependence of the probability that a primary elec-
tron crosses the NG once, twice and three times. It can
be seen in Fig. 5 that at the lowest pressure (2 mbar)
about 37% of the primary electrons emitted from the
“left” cathode fly into the opposite (“right”) CDS,
~11% comes back to the “left” CDS and ~2%
crosses the NG once more. The probabilities of the
given numbers of transfers fall closely exponentially as
the pressure increases. It is noted that at the “optimal
pressure” (at the lowest operating voltage) only ~9%
of the primary electrons cross the NG and the prob-
ability of multiple transfers is rather small.

The angular distribution of the electron’s motion at
a given x = x, plane can be visualized by storing the ¢
and u values for each electron crossing the x=x,
plane and plotting the stored values as dots on the
(¢, p) phase plane. Also the axial v, and radial vz com-
ponents of the velocity instead of ¢ and u may be
used. (v, and vy are related to the ¢ and p variables
asv,=v-pand ir=+v])/1 —u?, where v =1/2¢/m,
m being the mass of the electron. It is noted that the
velocity space is spherically symmetric around the
x axis (ie. all radial directions are equivalent). The
sign of v, indicates the direction of the electron’s
velocity: the dots on the half plane v, > 0 correspond
to electrons moving from the CDS to the NG and on
the half plane v, <0 to those moving from the NG
towards the CDS. In Figs. 6 and 7 the angular distri-
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Fig. 3. The EEDF at the CDS-NG boundary (x=d) of the
hollow cathode discharge at 2 and 8 mbar pressures.
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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.)

bution is plotted at the CDS-NG boundary (x=d) at
pressures of 2 and 8 mbar. It can be seen in Figs. 6
and 7 that the electrons enter the NG in a quite wide
range of angles. The dots on the v, < 0 half plane in
Fig. 6 indicate that at 2 mbar there is a significant
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Fig. 5. The probability of k = 1, 2 and 3 transfers of primary
electrons through the negative glow as a function of gas
pressure.

backward flux of electrons into the CDS from the NG.
This flux consist of electrons which are backscattered
from the NG, created in the NG in an ionization
process or came through the NG from the opposite
CDS. At 8 mbar the number of electrons that cross the
NG is marginal (see Figure 5). The result of this can be
clearly seen in the phase plane plot of Fig. 7: the num-
ber of backward moving high energy electrons is very
small.

In the HC discharge the electrons starting from
both cathodes contribute to the ionization in the neg-
ative glow and even in the “opposite” cathode dark
space. Figure 8 shows the source function dn*(x)/0t of
He' ions at p =4 mbar pressure. The total source
function is the sum of two functions corresponding to
the electrons (and electron avalanches) starting from
the “left” and “right” cathodes. The total source func-
tion exhibits a characteristic behaviour as the operat-
ing pressure is changed. This dependence is plotted in
Figure 9.

The current balance at the cathode is defined as the
ratio of the ion to the electron current density j*/j~. In
plane cathode discharges in helium den Hartog et al.
have found a typical value ~3.3 for the current bal-
ance [24]. It was noted by them that this value does
not imply a secondary emission coefficient of ~0.3 for
ion impact since other electron emission processes
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Fig. 6. Distribution of the velocity of high-energy electrons
crossing the CDS-NG boundary (x =d) plotted on the
(v, vg) phase plane at p = 2 mbar.
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o
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Fig. 7. Distribution of the velocity of high-energy electrons
crossing the CDS-NG boundary (x =d) plotted on the
(v, vg) phase plane at p = 8 mbar.

than ion impact may also take part in the mainte-
nance of the discharge. The results for the current
balance of the present Monte Carlo simulations are
shown in Figure 10. At higher pressures, where the
discharge behaves more like a plane single cathode
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Fig. 8. The spatial distribution of the source function of He*
ions at p = 4 mbar pressure. The arrows (— and «) indicate
the source functions corresponding to electron avalanches
started from the “left” and “right” cathodes, respectively.
2 indicates the total source function.
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Fig. 9. The spatial distribution of the total source function of
He" ions at p =2, 4 and 8 mbar pressure.

discharge, the obtained current balance values are
close to 3. With decreasing pressure (i.e. towards the
hollow cathode operation mode) j*/j~ decreases sig-
nificantly. This indicates even without the knowledge
of the actual electron emission coefficients 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 that other processes than ion impact
become more important at lower pressures. This is
in accordance with the observation that in hollow
cathode discharges the enhanced UV radiation from
the NG contributes in a significant way to the mainte-
nance of the discharge.

5. Conclusions

The motion of high energy (¢> E;= 24.56 eV) elec-
trons in a helium hollow cathode discharge has been
studied using Monte Carlo simulation. The length of
the CDS in the plane parallel HC discharge was deter-
mined by applying the simulation in an iterative way
and using experimentally measured current density-
voltage characteristics. The calculations were carried
out in the pressure range of 2—10 mbar at j=1 mA/
cm?. The low value of the current density justifies the
ignorance of cumulative processes and thermal effects.
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The comparison of the electron energy distribution
functions (EEDF) at the CDS-NG boundary and at
the midplane of the discharge showed that there is a
strong pressure dependence: The concentration of
high energy electrons

— is about the same at the two positions at 2 mbar,

— at 8 mbar pressure it is by 1 and 2 orders of magni-
tude smaller than at 2 mbar at the CDS-NG
boundary and at the midplane, respectively.

As it was expected at low pressures many electrons
cross the negative glow. At 2 mbar the probability of
1, 2 and 3 transfers for primary electron were found to
be 37%, 11% and 2%, respectively. The decrease of
the transfer probabilities with increasing pressure is
close to exponential. These results support the possi-
bility of multiple transfers of electrons through the
negative glow, i.e. the existence of oscillating electrons.

The angular distribution of the electron velocity at
the CDS-NG boundary was found to be rather wide.
The phase plane portraits at the CDS-NG boundary
indicated the backscattering of electrons from the NG,
and also that at low pressures there exists a significant
flux of high energy electrons from the “opposite” CDS.

The source function corresponding to electron im-
pact ionization showed a characteristic pressure de-
pendence.

The pressure dependence of the current balance
(jT/j") at the cathode indicated that with decreasing
pressure other secondary electron emission processes
than ion impact become more important.
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