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Modeling and measurements on an obstructed glow discharge in helium
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An obstructed glow discharge in helium has been ivestigated both experimentally and by means of a
Monte Carlo simulation. The voltage-current characteristics of the discharge have been measured and
the spatial distribution of the electric field between the electrodes was determined using Stark spectros-
copy. The electric field distribution was also determined by a self-consistent calculation and the results
show good agreement with data obtained from Stark measurements. Other discharge parameters (elec-
tron multiplication data, energy distribution of electrons absorbed by the anode, energy distribution of
ionizing electrons, share of high-energy electrons in ion production, and spatial distribution of ion pro-
duction) were obtained from the modeling calculations to provide detailed insight into the discharge
operation. The effect of the electrode reflection of electrons on the discharge characteristics was also in-

vestigated.

PACS number(s): 52.80.Hc, 51.50.+v

I. INTRODUCTION

The obstructed regime of glow discharges has been of
interest from the early decades of this century [1-4] up
to recent years [5,6]. Recently, obstructed discharges
have found increased application to the design of hollow
cathode lasers and of high voltage switches. A more
quantitative understanding of this type of discharge than
is currently available would facilitate these designs.

The usual definition of the obstructed discharge is
given in terms of reducing the electrode separation (or
gas pressure) in a glow discharge [3,4]. When the separa-
tion is decreased to a value somewhat longer than the
cathode dark space, the discharge voltage begins to rise.
This effect is more pronounced if the cathode-anode sepa-
ration is further decreased.

We have investigated an obstructed discharge in heli-
um gas, both experimentally and by means of a Monte
Carlo simulation. The voltage-current characteristics of
the discharge have been measured and the spatial distri-
bution of the electric field was determined using Stark
spectroscopy on traces of hydrogen gas in the discharge.
From the model of the discharge, we have obtained the
self-consistent electric field distribution in the discharge
gap, electron multiplication data, energy distribution of
electrons absorbed by the anode, energy distribution of
ionizing electrons, share of high-energy electrons in ion
production, and spatial distribution of ion production.

These characteristics of the discharge in the obstructed
regime were calculated at different gas pressures. The
Stark measurements of the electric field confirmed the re-
sults of the self-consistent electric field calculations.
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II. EXPERIMENT

The experimental discharge tube (see Fig. 1) had two
graphite electrodes of 20 mm diameter separated by 4.6
mm. A 20.6-mm inner-diameter metal tube at floating
potential limited the space for the discharge. The separa-
tion of the electrodes and the 0.3-mm gap between the
tube and the electrodes were maintained by ceramic
spacers. The metal tube had eight narrow slits of 0.2 mm
width equally spaced at 0.6 mm from each other. These
slits allowed a spatially resolved spectroscopic investiga-
tion of the discharge. This arrangement defined the
volume of the discharge and allowed the study of the op-
tical spectrum, despite the deposition of the sputtered
cathode material.

The experimental setup used in the electric field mea-
surements is shown in Fig. 2. Light emitted from the
discharge was introduced into the entrance slit of a Zeiss

Ceramic spacers  Metal tube (floating)

_ Anode
Cathode _| —

\
0.3 mm gap " Slits Pyrex tube
FIG. 1. Scheme of the experimental discharge tube. (Dimen-

sions are not to scale.)
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FIG. 2. Experimental setup for Stark line-shape measure-
ments.

PGS-2 monochromator having a focal length of 2 m and
a resolution better than 0.01 nm in the first order. The P
and S polarization components of the split spectral line
were selected by a polarizer. The axial distribution of the
discharge was scanned by tilting a plane parallel quartz
plate. Since the discharge tube inevitably contained
traces of hydrogen, the field measurements were carried
out by recording the line shape of the Hjy spectral line
(A=401.2 nm). The use of hydrogen lines for field mea-
surement is common [6-8] because its Stark effect is
linear and well understood [9], so that the measured data
can be relatively easily interpreted.

To record the line shapes, the monochromator was
slowly tuned over the examined spectral line by a step-
ping motor (approximately 2 sec/step). The signal from
the photomultiplier was fed to a Hewlett Packard Model
54501A digitizing oscilloscope and transferred to a
PC/AT computer. In this way the line shape was ob-
tained in the form of a data vector consisting of intensity
values at spectral positions A=Ayt kA,
(k =0,1,2, ...) uniformly separated by AA,=0.0059 nm
(A, corresponds to the start of the recording). For the
data acquisition, we assumed that the observed line shape
is a result of simultaneous effects of Doppler broadening
and Stark splitting, and is also affected by the transfer
function of the monochromator.

The unsplit spectral lines were assumed to have a
temperature- (7,) dependent Gaussian line shape
D (AA,T,). The transfer function of the monochromator,
T (AMA), was measured using a He-Ne laser. The “Stark
pattern” [S(AA,E), the position and relative amplitude
of the split spectral components, which depend on the
electric field strength E] were taken from theoretical cal-
culations [10]. Having measured T (AA), for any T, and
E we were able to calculate the triple convolution
R(AMT,,E)=D(AA,Ty)o T(AR)e S(AAE). For T, and
E values, approximating the experimental conditions
R (AA,T,,E) looks “similar” to the measured line shape.
R was calculated with the same AA, resolution with
which the experimental data were obtained, its values
were determined at the AL, =kAA, (k=0, £1,%£2,...)
points. In order to be able to fit the theoretical line-shape
data R (AA, =kAA,,T,,E) to the data corresponding to
the measured line shape, we had to shift R in wavelength
by AL, =sAM\, (to match to the position of experimental
data) and multiply it by an amplitude factor a (to match

in amplitude). The shift (s) and amplitude factor (a) in-
troduced were also fitting parameters like T, and E. In
this way, four parameters were used in the fitting of the
measured and theoretical data vectors, the similarity of

which was measured by an error function,

h(Tg,E,s5,a)=3 (M;—R/),

1

where M; and R/ are the elements of the measured data
vector, and the shifted and amplitude corrected R data
vector, respectively. Our aim to minimize 4 has been
done by using a random optimization procedure in which
the fitting parameters (T, E,s,a) were randomly modified
(one at a time) and the new parameter values were accept-
ed whenever they resulted in a smaller 4 than the previ-
ously accepted parameters.

III. THE MODELING OF THE DISCHARGE

In the modeling we assumed a radially uniform
discharge between two plane electrodes. No edge effects
were taken into account. Thus, the spatially resolved
discharge characteristics are only functions of the spatial
coordinate x measured from the cathode. However, the
electrons are traced in the three-dimensional space,
which provides a quite realistic description of their
motion [11].

As high values of E /n (electric field to gas density ra-
tio) and the presence of boundaries induce nonequilibri-
um effects in the motion of electrons [12,13], Monte Car-
lo simulation was applied to follow the trajectories of
electrons in the discharge gap. Single electrons were
released from the cathode of the discharge and their path
was followed as they participated in the collision process-
es. The free path of each electron between successive col-
lisions, as well as the type of the collisions that actually
occurs after a free path, are assigned based on random
numbers [11]. Finally, the electrons were absorbed by the
cathode or by the anode. In most of our studies, the
cathode and anode electrodes were assumed to be perfect-
ly absorbing but the effect of electron reflection was also
studied. All the secondary electrons created in ionizing
collisions were traced in the simulation.

The initial energy of each electron emitted from the
cathode was randomly chosen to be between 0 eV and
E;—2¢, where E; is the ionization potential of the gas
and g is the work function of the cathode material [14].

The following elementary processes were taken into ac-
count in the model: elastic scattering of electrons from
He atoms, electron impact excitation of He atoms, and
electron impact ionization of He atoms.

The elastic scattering of electrons was assumed to be
anisotropic. Whereas high-energy electrons were more
likely to be scattered in the forward direction, the scatter-
ing is more isotropic in the case of low electron energies
[15]. The energy loss of electrons in elastic scattering was
neglected. In the case of electron impact excitation, iso-
tropic scattering using a total cross section for excitation
was applied, i.e., no specific energy levels of the atom
were distinguished. The incoming electron could lose an
energy randomly chosen between the energy of the first
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excited level and the ionization level. In the electron im-
pact ionization process, the trajectories of incoming, scat-
tered, and ejected electrons were assumed to lie in one
plane. The scattered and ejected electrons shared the
remaining kinetic energy randomly, the directions of
their velocity vectors being mutually perpendicular [11].

Measured cross sections were used for all elementary
processes [16,17]. No ionization from the metastable and
from other excited levels was taken into account due to
the low current density. Because of the high electric
field, volume recombination was neglected.

The input data of the model are the gas pressure and
the experimentally determined voltage and current densi-
ty of the discharge. The discharge gap was resolved into
a number of divisions (typically N =20-30). In each of
these divisions, a linearly decreasing electric field was as-
sumed and the electrons were traced by the method de-
scribed in detail in [11].

In an iterative method the E (x), the electric field dis-
tribution (the electric field at the boundaries of the
divisions) was determined in a self-consistent way. First,
a linear decrease of the field from the cathode to the
anode was assumed. A given number of electrons were
emitted from the cathode one by one and they were
traced in this field distribution by the Monte Carlo simu-
lation procedure. Having traced a sufficient number of
electrons, the electron energy distribution is readily ob-
tained [11]. These data can be used to calculate the aver-
age velocity of electrons: {v,(x)). The average velocity
of the He™ ions is calculated, based on the equilibrium
assumption [18], from

(v;(x))=V2eE(x)/Mnno , (1)

where e is the charge of the electron, M the ion mass, n
the gas density, and o is the cross section of the sym-
metric charge exchange collision Het +He—He+He™.
Since o depends on the ion energy (or velocity)

where k; and k, are constants to a good approximation
[19-21], the average ion velocity {v;(x)) can be found
by solving (1) and (2) simultaneously.

The fluxes of electrons [F,(x)] and He™ ions [F;(x)]
per emitted electron are also obtained from the simula-
tion. As the current density j is known from the experi-
ment, the normalized current density taken by electrons
(j,) and by He" ions (j;) can be calculated,

Je(x)=jF,(x)/[F,(x)+F;(x)], (3a)

Ji(x)=jF{(x)/[F,(x)+F;(x)] . (3b)
The space charge densities are given by

P (x)=j(x)/{v,(x)), (4a)

pi(x)=j(x)/{v;(x)) . (4b)

The electric field distribution can be found by using the
Poisson equation (neglecting the negative space charge),

dE /dx=—p, /e, (5)

and taking into account that the electric field obeys the
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condition
fL_OE(x)dx =V, )

where V is the discharge voltage and L is the electrode
separation.

The modification of the original electric field due to the
space charge is calculated and in the next step of the
iteration this modified electric field distribution is ap-
plied. After a few consecutive iterations a self-consistent
electric field distribution is obtained. (In one step of the
iteration typically N =10000-50000 electrons are
released from the cathode.)

IV. RESULTS AND DISCUSSION

Figure 3 shows the measured voltage-pressure charac-
teristics of the discharge at i=1, 2, and 3 mA discharge
current. The sharp rise of the discharge voltage (charac-
terizing the obstructed regime) around p=6 mbar pres-
sure can be clearly observed.

Most of the discharge simulations have been carried
out for the i=1 mA graph presented in Fig. 3. An
anode-cathode distance L=0.46 cm, as in the experimen-
tal discharge tube, was used throughout the simulations.
The effectiveness of our iteration process is demonstrated
in Fig. 4. Figure 4 shows the self-consistent electric field
distribution where the iteration was started from two
different initial field distributions. It can be seen that the
convergence of the iteration is rather fast, the second
iterations for both of the initial distributions already
agree within the thickness of the line.

The electric field distributions calculated this way are
plotted in Fig. 5 for different helium pressures in the
range of p =5.9-7 mbar. Measured voltage-pressure
data points for pressures higher than 7 mbar resulted in a
vanishing electric field at the anode, and these data points
were excluded from further investigations. Our results
suggest a possible definition of the obstructed discharge,
i.e., where the electric field does not vanish at the anode.
The distribution of the electric field changes remarkably
with changing the pressure. At lower pressures (i.e., in
the highly obstructed range), the electric field distribution
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FIG. 3. Voltage-pressure characteristics of the discharge at a
current of (@) i=1mA, (A) i=2mA, and (V) i=3 mA.
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FIG. 4. The iterated electric field distribution starting from
two different initial field distributions. Discharge parameters:
V=727 V, j=0.32 mA/cm?, p=5.9 mbar, and L=0.46 cm.
(+ - . . initial distribution, — — — first iterate, second
iterate of the electric field distribution.)

changes less. While at 7 mbar pressure, there is only a
low electric field of approximately 100 V/cm at the
anode; at 5.9 mbar, this value rises up to about 1200
V/cm field strength.

The energy spectra of electrons absorbed by the anode
are plotted in Fig. 6 for selected values of helium pres-
sure. The increasing discharge voltage, together with a
decreasing pressure in the obstructed regime, may result
in the “runaway effect” of electrons. Many high-energy
electrons are absorbed by the anode, which in a wider
discharge gap would have otherwise produced more ions.

Figure 7 shows the spatially averaged energy distribu-
tion of ionizing electrons. The data were obtained in the
following way: whenever an ionization process occurred
in the simulation, the energy of the incoming (ionizing)
electron was memorized regardless of the position. Final-
ly, the energy distribution was calculated. It can be seen
from Fig. 7 that a considerable amount of the ionization
is caused by the high-energy electrons. The electron im-
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FIG. 5. The self-consistent electric field distribution calculat-
ed from the model for different helium pressures at j=0.32
mA/cm? current density (+, 7 mbar; A, 6.5 mbar; @, 6.07
mbar; ¥, 6 mbar; and B, 5.9 mbar).
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FIG. 6. The energy distribution of electrons absorbed by the
anode at different helium pressures. (Current density: j=0.32
mA/cm?, the discharge voltage was 425 V at 7 mbar, 585 V at
6.07 mbar, and 727 V at 5.9 mbar.)

pact ionization cross section of helium peaks around 120
eV energy. The number of ionizations by electrons hav-
ing a higher energy than 120 eV can be compared to the
total number of ionizations. The results of the calcula-
tions are also presented in Table I. The share of the
high-energy electrons in ion production (H) increases
with decreasing pressure, i.e., with increasing discharge
voltage.

Table I also shows the electron multiplication data for
the given discharge conditions. It was expected that the
multiplication should be approximately the same in all
cases since, in the range of discharge parameters (voltage,
pressure) investigated, the y; secondary electron emission
coefficient is constant. (In the obstructed regime, the
electron emission from the cathode due to positive ion
bombardment is believed to give the dominant contribu-
tion to the maintenance of the discharge.) The systematic
increase in the multiplication may be explained as fol-
lows. At higher electric fields the motion of electrons

2000
_ 7 mbar
1500 |
Vs 6.09 mbar
1000

f(e) [arb.units]

500 1

800

FIG. 7. The spatially averaged energy distribution of ioniz-
ing electrons at p=7, 6.09, and 5.9 mbar helium pressure at
j=0.32 mA/cm? current density.
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TABLE 1. Discharge parameters: p, pressure; V, voltage; H,
the percentage of ionizing collisions, where the ionizing electron
had a Kinetic energy higher than 120 eV; and M, electron multi-
plication. (Current density: j=0.32 mA/cm?.)

p (mbar) V V) H (%) M
5.9 727 62 9.3
6.0 657 56 9.8
6.07 587 50 10.4
6.5 472 38 12.0
7 425 32 13.4

and ions is directed more along the field lines. At the
lowest possible pressure of p=5.9 mbar, the multiplica-
tion was found to be M=9.3 (meaning in an average
sense M —1=28.3 ions created per one emitted electron),
which is still enough to satisfy the self-maintenance cri-
teria of the discharge. The additional ions created at
higher pressures are supposedly lost by recombination at
the wall of the discharge tube.

Studies of the cathode region of (abnormal) glow
discharges indicate that the electron impact ionization
rate peaks near the cathode dark-space—negative-glow
boundary (see, e.g., [18]). In our “slightly” obstructed
discharge at p=7 mbar, this peak of (dn* /dt) can be
still observed at about x /L=0.85. At lower pressures
the position of the peak shifts towards the anode. At
sufficiently low pressures, the peak disappears and the
maximum of (dn*/dt) occurs at the anode (x /L=1).
This happens at p=6.09 and 5.9 mbar as indicated in Fig.
8.

A. Electric field measurements

The light emitted from the discharge in the obstructed
regime is at a quite low level. Therefore, a somewhat
higher current density discharge was established to ob-
tain a usable light intensity for the electric field measure-
ments. The results of the measurements are shown in
Figs. 9 and 10. Figure 9 illustrates the curve-fitting pro-
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FIG. 8. The spatial distribution of the He* ion production at
p=17, 6.09, and 5.9 mbar helium pressure at j=0.32 mA/cm?
current density.
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FIG. 9. The measured line shape of the Hs (A=401.2 nm)
spectral line (O) at the position x /L=0.7 and the result of the
curve fitting (——). (Discharge voltage, ¥=1020 V; current
density, j=0.8 mA/cm? and helium pressure, p=>5.7 mbar.)
The wavelength is measured in arbitrary units with respect to
the start of the recording.

cedure and shows the measured line shape of the Hj
(A=401.2 nm) spectral line recorded at the position
x/L=0.7 (at V=1020 V discharge voltage, j=0.8
mA/cm? current density, and p=5.7 mbar helium pres-
sure), and the result of the curve-fitting procedure. Fig-
ure 10 shows the data obtained from the electric field
measurements together with the self-consistent electric
field distribution calculated from the model using the
same conditions as in the experiment. The measured
Stark split line shapes of the Hy spectral line at different
positions are also indicated. There is a fairly good agree-
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FIG. 10. Calculated self-consistent electric field distribution
( ) and data determined from Stark measurements (A).
The measured Stark split line shapes of the H; spectral line at
different positions are also indicated. (Experimental and simu-
lated discharge conditions: discharge voltage, V=1020 V;
current density, j=0.8 mA/cm? and helium pressure, p=5.7
mbar.)




3288 Z. DONKO, K. ROZSA, R. C. TOBIN, AND K. A. PEARD 49

TABLE II. Discharge parameters calculated at different
values of the electrode reflection R. H, the percentage of ioniz-
ing collisions, where the ionizing electron had a kinetic energy
higher than 120 eV; and M, electron multiplication. (V=727V,
j=0.32 mA/cm?, p=5.9 mbar.)

R H (%) M
0.0 62 9.3
0.1 58 11.4
0.2 54 14.4

ment between the measured and the calculated field dis-
tribution.

B. Effect of electrode reflection

Experimental measurements on backscattering of low-
energy electrons from carbon show that the backscatter-
ing coefficient ranges between 0.05 and 0.44 [22]. We
have carried out a simple study where the discharge
characteristics were calculated at a given set of condi-
tions (voltage, current density, and pressure) at three
different values of the reflection coefficient (at both anode
and cathode), which (as a simplification) was assumed to
be energy independent. It was found that some discharge
parameters, such as the multiplication, are sensitive to
the value of the reflection coefficient. Table II includes
the data obtained for ¥=727 V, j=0.32 mA/cm?, p=5.9
mbar, at reflection coefficients of R=0, 0.1, and 0.2.

It can be seen from Table II that the share of high-
energy electrons in ion production (H) is decreasing
slightly at higher values of R. The spatial distribution of
ionizations is also significantly changed by introducing
the reflective electrodes. Especially at the vicinity of the
anode, the ion production is largely enhanced as can be
seen in Fig. 11. The increased ion production also results

10000

dn*/dt [arb.units)
m
3
3

0.0 0.5 1.0

x/L

FIG. 11. The spatial distribution of the He' ion production
at different values of the electrode reflection R. (+, R=0; A,
R=0.1; and ®, R=0.2.) (Discharge conditions: V=727 V,
j=0.32 mA/cm?, and p=5.9 mbar.)
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FIG. 12. The calculated self-consistent electric field distribu-
tion at different values of the electrode reflection R. (4, R=0;
A, R=0.1; and ®, R=0.2). (Discharge conditions: V=727V,
j=0.32 mA/cm?, and p=5.9 mbar.)

in an increased ion density and, consequently, the electric
field changes more rapidly (see Fig. 12).

V. CONCLUSIONS

An obstructed glow discharge in helium was investigat-
ed. The voltage-current characteristics of the discharge
have been measured and the spatial distribution of the
electric field was also determined by spectroscopic mea-
surements. A model of the discharge was developed and
several discharge characteristics (electron multiplication,
energy distribution of electrons absorbed by the anode,
energy distribution of ionizing electrons, share of high-
energy electrons in ion production, and spatial distribu-
tion of ion production) were calculated for different pres-
sures. The corresponding voltage and current density
values were taken from experimental data.

The self-consistent electric field distribution in the
discharge gap was also calculated from the model and the
results obtained in this way showed a good agreement
with the experimentally determined electric field distribu-
tion.

We have calculated the electric field distribution at
different gas pressures. The results indicated that to-
wards the lower pressures, where the discharge is “more
obstructed,” the electric field distribution tends to be
more homogeneous (at constant current density). The
study of the energy spectra of electrons absorbed by the
anode showed that with decreasing pressure more high-
energy electrons reach the anode. The contribution of
the high-energy electrons to the He' production in-
creased with decreasing pressure and increasing voltage.
Electrons with an energy higher than 120 eV make a ma-
jor contribution to the ion production, especially in the
strongly obstructed regime. The spatial distribution of
the ion production showed that most of the ions are
created near the anode. This indicates that, if the elec-
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trode separation (or the gas pressure) is increased, there is
a great difference in the overall ion production. This ob-
servation can explain why the obstructed discharge is
very sensitive to minor changes in gas pressure.

The effect of electron reflection from the electrodes was
also studied. The reflecting electrodes significantly
enhanced the ion production rate (especially near the
anode). The electric field distribution was found to be
slightly different due to the increased ion density result-
ing from the greater ion production rate.
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