IOPScience

Home

Search Collections Journals About Contactus My IOPscience

Electron energy distribution functions in weakly ionized argon

This content has been downloaded from IOPscience. Please scroll down to see the full text.

1992 J. Phys. D: Appl. Phys. 25 217
(http://iopscience.iop.org/0022-3727/25/2/014)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 128.111.121.42
This content was downloaded on 10/09/2015 at 04:24

Please note that terms and conditions apply.

iopscience.iop.org


iopscience.iop.org/page/terms
http://iopscience.iop.org/0022-3727/25/2
http://iopscience.iop.org/0022-3727
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys. [ Appl. Phys. 25 (1992) 217-225. Printed in the UK

Electron energy distribution functions
in weakly ionized argon

S B Vrhovac, S B Radovanov, Z Lj Petrovi¢ and

B M Jelenkovic

Institute of Physics, P.Q. Box 86, 11080 Zemun, Beograd, Yugoslavia

Received 17 January 1991, in final form 28 August 1991

Abstract. In this paper we present measurements of the electron energy
distribution functions (EEDF) for electrons in argon discharges at moderate and high
E/N values (E being the electric field and N the gas density), for homogeneous
electric fields and a low-current diffuse glow regime. Resulis were obtained for
electric field to gas density ratios (E/N) fror 500 Td to 50KTd (1 Td = 1072' V m?).
A muitigridded energy analyser with a retarding grid potential was used to measure
distribution functions of electrons sampled through an aperture in the anode.
Experimental data are used to make a comparison with the two-term Beltzmann
calculations for E/N < 1KkTd, and the single-beam maodel predictions, normally

used to model electron kinetics at high values of E/N.

1. Introduction

For electrons in equilibrium with an electric field,
numerical techniques for calculating the electron
energy distribution function (EEDBr) have reached a
high degree of accuracy (Lin et af 1979, Pitchford and
Phelps 1982, Kitamori et al 1978, Segur er al 1983,
Morgan and Penetrante 1990, Gibson 1970) which by
far exceeds the accuracy of the available experimental
techniques to obtain directly the EEDF.

At very high E/N values electrons are not in equi-
librium with the electric field so the numerical tech-
niques required for calculating their motion become
increasingly complicated as they must include the effect
of boundaries, and the transport coefficients are no
longer properly defined, i.e. they become spatially
dependent. Phelps et af (1987) have developed a single-
beam model which was successfully applied to model
electron kinetics at high £/N (Jelenkovi¢ and Phelps
1987, Phelps and Jelenkovi¢ 1988). Monte Carlo tech-
niques (Braglia and Lowke 1979, Bhasavanich and Par-
ker 1977, Kelly and Blevin 1989) are best suited to the
study electron motion under these conditions but have
been applied only in a very few situations.

Experimental techniques used to determine the
EEDF in gas discharges and plasmas are either different
applications of probes (Boyd and Twiddy 1959, Klagge
et al 1977, Amemya and Shimizu 1974, Barnes 1966)
or sampling of electrons through apertures at the sur-
face of the anode (Kenny and Crags 1970) and sub-
sequent analysis by the retarding potential energy
analyser. Losee and Burch (1972) and Makabe er al
(1977) have applied the latter technique to determine
both the zeroth- (f,) and the first-order (f;) com-
ponents in the EEDF expansion in spherical harmonics,
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They have covered the range of moderate values of
E/N assuming that at these E/N the distribution func-
tion is nearly spherically symmetric in the velocity
space. The measurements of EEDF were criticized
because they are in general performed close to a met-
allic boundary which may significantly alter the shape
of the distribution function (Braglia et al 1984).
However, at high E/N, non-gquilibrium regions may
take up a large part of the discharge gap (Kelly and
Blevin 1989, Blevin et af 1987), and there is more
justification to obtain the EEDF experimentally.

In this paper we present the measurements of EEDF
in steady-state, self-sustained low-current Ar dis-
charges for a wide range of E/N (S00Td < E/N
< 50000Td), and gas number density values
(1.6 x 102 >N>3x 10"m~*). The measurements
were done using the retarding potential difference tech-
nique. The main purpose of these measurements is to
test the predictions of the single-beam model as applied
by Phelps and Jeienkovi¢ (1988). This work is relevant
to models of electron motion in the cathode fall of
glow discharges in rare gases (Gottscho et af 1988,
Mitchell er al 1989, Sommerer and Lawler 1988, Boeuf
1990). Qur data may also be used to determine scat-
tering cross sections in conjunction with the measure-
ments of excitation coefficients. To our knowledge
there have been no previous measurements of the elec-
tron energy distribution function at the anode at very
high E/N.

2. Experiment

Qur apparatus is a two-section stainless-steel chamber
consisting of a discharge section and an analysis section
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Figure 1. Schematic diagram of the discharge chamber and the analyser. (a) Discharge
region, (b) aperture {grounded electrode), (¢) quariz tubing, (d) shielding grids, (e)
skimmer, (f) retarding grid; (h) Faraday cup; resistor, A =100 MQ.

(figure 1). The discharge was confined between the two
parallel electrodes, with diameter 40 mm and spacing

The anode was made out of graphite to minimize
the yield of backscattered and secondary electrons. The
two sections of the vacuum chamber were connected
through the sampling aperture on the grounded anode.
Different diameters and thicknesses of the apertures
were used. The results presented here were taken with
diameters of 0.5 mm and (.25 mm and thickness of 0.2
and 0.1 mm, respectively. Fitting of the electrodes in
the cylinder is tight enough to prevent the long-path
breakdown but it gives very little resistance to the gas
flow so that pressure could be measured accurately
outside the glass envelope, The pressure in the dis-
charge region was between 0.1 and 0.6 Torr and in the
differentially pumped analyser section between 107°
and 10~ Torr. Research-purity argon was used without
further purification.

It was possible to operate the discharge to the left
and to the right of the minimum of the Paschen curve,
in a wide range of E/N, between 500 Td and S0 kTd.
The Paschen curve was reproducible. The discharge
was stabilized by using a large resistor in series with
the discharge. The discharge current was typically 2—
5uA, thus the electric field between electrodes was
uniform and the breakdown voltage was independent
of the current.

We have made measurements using a retarding ana-
Jyser with a set of three or four grids with 90% trans-
mission meshes. The retarding voltage was applied to
the middle grid(s), while two outside grids were
grounded. A skimmer with an open cone of 12.7 mm
diameter was mounted at a distance of 3.5 mm from
the first grid to limit the incident angle of the sampled
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electrons to 7°. The distance between two retarding
grids was 0.6mm, and the distance between the
grounded and retarding grid was 3.5 mm. The electrons
were collected by a Faraday cup. This was a graphite
cylinder with a hole of diameter 25 mm and depth
80 mm. The distance between the Faraday cup and the
grounded grid next to it was 0.4 mm.

As established already (Taylor 1969), the set-up
with the double retarding grids reduces the effect of
local variations in potential in the vicinity of the
retarding grid, increasing the energy resolution in com-
parison to the single-grid system. The electrons that
originated at the cathode and pass the gap without
collisions have a narrow energy distribution at the
anode at £/N = 25kTd. From the energy peak of the
cathode beam electrons we were able to determine the
energy resolution of our detection system, defined as
AE/E, where AE is the full width at half maximum of
the peak, and F is the energy of the beam, i.e. the
total gap voltage. For the system with two retarding
grids and E/N = 25kTd the resolution was found to
be independent of E/N, or beam energy, and to be
around 2.5 x 1072,

3. Theoty of the experiment

We shall outline here briefly the type of distribution
functions that can be obtained in an experimental
approach like ours, and some problems related to this
technique. The energy of electrons at the anode, and
therefore the measured electron current versus
retarding voltage, is determined by the values of E/N
and the product Nd, where d is the electrode spacing.



At high E/N the contribution of backscattered elec-
trons from the anode to the lower-energy part of the
distribution function can be significant. But, the elec-
tron current at a certain retarding voltage also depends
on the electron angular distribution function and the
solid angle of the retarding field analyser. Moreover,
the result can be affected by the collection efficiency
of the detector, the electric field distortion near the
aperture, and by electron collisions with the residual
gas behind the aperture. There is also the effect of
finite thickness of the aperture, e.g. a fraction of the
electrons which pass through the orifice may strike the
inner wall of the orifice. Such an effect makes the
effective area of the aperture smaller for higher inci-
dent angles and is proportional to the ratio of the
aperture thickness. Therefore the electron current that
emerges from the discharge through the aperture and
which has been measured by the Faraday cup [ is given
by the foliowing expression (Losee and Burch 1972)

+x
L(Un) =S| dow.T(,)

x f f do, do, 7(£,0)(0.0)Ds.0(®.0,) (1)
(D(v.))

where vy = (2qUg/m)'?, q is electron charge, S is the
area of the cathode aperture, 7 is the transmission
coefficient inctuding all grids, f(0, v} is the electron
velocity distribution function at the anode (z =0);
T(v,) is the collection efficiency of the Faraday cup,
i.e. the ratio of the electrons with velocity v, passing
into the Faraday cup to those being collected, n(&§, @)
is the ratio of the effective area of the aperture for
different incident angles ©, to the actual area of the
aperture, and D¢ o(©, v,) is the electric field distortion
function, i.e. the fraction of electrons collected into the
solid angle of the analyser after passing the aperture to
the total number of electrons incident on the aperture.
The distortion function depends on the ratio of the
thickness and the diameter of the aperture &, solid
angle Q, and electric field present in the discharge
E; D(v.) in the double integral limits is basically an
area of the circle in the (u,, v,) velocity frame, with
the radius v, tan @, where ©,, is the maximum inci-
dent angle of electrons, determined by the solid angle
of the detector.

The shape of our Faraday cup is such as to minimize
the fraction of those electrons which can escape from
the cup. We did not measure T(v,) independently,
since some of our measurements when the grid next to
the Faraday cup was the retarding grid (which makes
the suppression field for the electrons escaping from
Faraday cup), gave the same results as when this
grid was grounded. Therefore we will assume that
T(v,) = 1.

The fraction of ions which pass through the aper-
ture within the solid angle of our detection system and
which do not hit the walls of the aperture depend on
the incident angle of the electron and on £. Since in
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Figure 2. The variation of D”_E'Q(E), the electric field
distortion function, with incident electron energy at anode
for aperture diameter of 0.3 mm and electric field of

800 Vem™! (full curve, E/N =30kTd) and 1400V cm™!
{broken curve, E/N = 50 KTd).

our experiments the solid angle 7° and £ was 0.25 we
can set 7 = 1 (Liu et af 1990).

The defocusing effect on electrons passing through
the aperture was analysed experimentally using a dif-
ferent aperture diameter and theoretically using the
calculation procedure given by the program ‘Simion’
{(Dahl 1985). The calculated value of D: o®, ¢), for
an aperture of 0.3 mm diameter, and for £ = 0.25 and
@ =7° and for two values of the electric fields in
the discharge, of 800 Vem™' (E/N =30kTd), and of
1400 Vem ! (E/N =50kTd), versus electron energy,
is shown in figure 2. The calculations were done
assuming the electrons incident on the anode are nor-
mal to it, ® = 0. As shown in figure 2 such calculations
allow us to determine the minimum electron energy
s0 that it can pass the field-distorted region without
deflection. Both experiment and calculation have
shown that this energy is lower if the size of the aper-
ture is smaller. Bt turns out that the enecrgy region
where the effect of the field exists overlaps with the
region where the contribution to the energy dis-
tribution function from the secondary electrons ejected
from the anode is becoming significant,

If we now define A(v,) to be

2t ptan @
hwo) = | dqof o fw)do. @)
i} {)

where v, = (v} + v})'/2, then it follows from equation
(1), for the energy distribution function measured in
our experiments

m 1 dI(Ug) \
g'tS Drg(0,v,) dUg 3)

h(v,) =

where Ugp = (mv?/2q). h(v,) is the distribution func-
tion of the axial component of the electron velocity, i.e,
h(v.) dv, represents the number of electrons emerging
from the discharge with axial components of the vel-
ocity within the interval (v,,p,+dv,), and whose
transverse velocity components are such that the
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refation (02 +02)¥? <v,tan©,, holds. In gas dis-
charges at high electric ficld to gas density ratios the
electron velocity distribution function is highly aniso-
tropic, with most electrons moving along the field lines.
Then the measured distribution function k(v,) be-
comes the reduced distribution function f(v,)=
Jdv, [do,f(v). There is an electron energy dis-
tribution function F(¢), related to A(v.) by the relation
F(e)de = h(v,) dv,, with £ = (mv?/2). Since dI./dUy
is determined in terms of {/p, or electron eneigy e,
we obtain F(g) versus ¢ directly from the following
equation

oy (/) ] d1c(Usg)
&) = = s () D, a(0.e,) dUn

(4)
The experimental mean energy of electrons (&), was
obtained from the relation
JF(e)ede
= de ()
JF(e)de

The values of {¢), for different E/N will be com-
pared with calculations of {g)..

(),

4, Caiculation of the mean electron energy

Our measured mean electron energies at the anode,
for the lowest £/N in the experiment (£/N < 1KkTd)
were compared with our calculations using the two-
term code of the Boltzmann equation of Yoshida et al
(1983) with the available argon cross sections (Tach-
ibana 1986).

The experimental measurement of the mean elec-
tron energy at the anode at high £/N discharges is an
additionali test of the single-beam model. The model
was first discussed by Phelps et al (1987) and since then
has been applied to a uniform electric field (Jelenkovi¢
and Phelps 1987, Gylis et al 1989, Stojanovi¢ et al 1990)
and to a non-uniform electric ficld of DC and RF glow
discharges (Gottscho et af 1988, 1989, Mitchell er al
1989). The model was able to predict very well the
spatial variation of light and the transient behaviour of
charge carried by electrons and ions in high-E/N low-
current discharges. It also predicts the spatial variation
and magnitude of the ion density, the existence of field
reversal, and a charge double layer in glow discharges.
But the singie-beam model overestimates the ion-
ization rate in the negative glow and fails to accurately
predict the position of the field reversal. Boeuf (1990)
extended the idea towards a two-group electron model
that treats the low-energy electrons in the negative
glow using transport equations.

4.1. Single-beam model

The electron kinetics at high E/N was calculated using
the single-beam, energy-balance model. The electron-
velocity distribution function is that of the mono-
energetic beam moving along the electric field, i.e.
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flw, 0, 2) = n(2)6(v — u(z))6(0), where u is the vel-
ocity of the beam at 2. The integration of the first
three velocity moments of the steady-state Boltzmann
equation with the assumed distribution function yields
the particle number, momentum and energy-balance
equations. The electron density was eliminated by com-
bining number balance with either momentum or
energy-balance equations. The equation describing the
electron beam velocity (or energy) was next obtained.
Phelps et a/ (1987) have found that beam models based
on the energy-balance model agree better with exper-
iment and with more detailed models than beam
models based on momentum balance. The equation of
the spatial growth of the electron beam energy ¢ is
then given by

de ek NN ap To(®)
Tem oS et (0o + 22 F
ai T8
T rc@))‘ ©)

The first term includes the energy gain from the field
while the second includes the energy lost in inelastic
collisions, £, and QT being threshold energy and the
cross section for the inelastic process, respectively.
Since all electrons of the beam at position z have the
same energy, the third term includes the energy
rf_-.quired to raise the energy of new electrons produced
by electron, ion and fast neutral ionization to the beam
energy. crp_ﬂ/N and I, , are spatial ionization coef-
ficients for ions {p) and neutrals {n), and ion and fast
neutral flux, respectively. The equation for the spatial
variation of the electron beam energy was coupled with
the differential equations for the spatial growth of the
electron flux, I, and the equations for the ion and fast
neutral flux, I, and I';. In the ion continuity equation
new ions are produced in ionizing collisions by elec-
trons, ions and fast atoms, while the continuity
equation for the fast atom flux includes the production
in charge transfer collisions and loss by any collision
process, because the relevant group of atoms is that
with high energies, above the threshold for ionization.

As for the electron energy loss function and ion-
ization, we have used an analytical approximation of
the cross sections given by Phelps er af (1987). The
ionization coefficients for heavy particles were cal-
culated assuming that they are in equilibrium with the
Maxwellian energy distribution function in the direc-
tion of the field. We used their cross sections for charge
transfer, for the ionization by ions, and for ionization
by fast Ar.

A fraction of the beam of energetic electrons is
reflected back from the anode. Papers dealing with
carbon surfaces (Sternglass 1954, Darlington and
Cosslett 1972, Verna 1977) present the backscattering
coefficient as a function of incident electron energy,
the energy distribution of reflected electrons and the
variation of the coefficient with the incident angle. The
results differ widely for the backscattering coefficient at
electron incident energies below several keV. Working



with colloidal graphite Sternglass (1954) found a very
low value of 0.08 and very small variation of back-
scattered coefficient with electron energy, while results
obtained by Darlington and Cosslett {1972), for mech-
anically polished carbon, show a decrease of the coef-
ficient with electron energy, from about 0.5 at 500 eV
to 0.25 at 1keV. Such differences suggest a strong
variation of the backscatiering coefficient with the sur-
face condition, and yet there are no measurements
that we know of for the graphite surface exposed to
discharge. On the other hand, ditferent authors show
much better agreement on the energy distribution func-
tion of backscattered electrons, saying that it is a rela-
tively flat function and the average energy is around
half of the incident electron energy.

The high-energy electrons can also ¢ject secondary
electrons. These are low-energy electrons in com-
parison with backscattered electrons, with an energy
distribution function peaking at about 10eV and with
a negligible fraction above 50 eV. The measurements
of the secondary-electron yield of the graphite surface
were done for clean graphite and graphite exposed to
JET tokamak plasmas (Woods ef o/ 1985, 1987). The
yield at normal incidence increases with energy up to
a maximum at around 350eV and then decreases
slowly. The maximum for clean graphite is around 0.7
while for the graphite taken from a tokamak it is close
to unity.

Since our results for the measured electron energy
distribution function at E/N greater than 6 kTd have
shown a very high fraction of low-energy electrons,
with average electron energy at the anode far below
that calculated from the single-beam model, we did the
calculations of mean electron energy at the anode with
the modified single-beam model to include beams of
backscattered electrons. The first beam of back-
scattered electrons starts at a distance z; from the
anode that the electrons can reach after being reflected
from the anode, with energy equal to half of the energy
of the primary beam (both the energy and the current
of the primary beam were calculated from the single-
beam model assuming no backscattering) and then
travelling apainst the field. The initial valve of the
current of backscattered electrons at the position z,
was taken as a product of the backscattering coefficient
and the independently calculated multiplication of the
electron beam at the same E/N and for the distance
z;. A fraction of the new beam will also be reflected
at the anode contributing to the second beam of back-
scattered electrons. The starting position z,, and the
initial value of the current of the beam, were deter-
mined from the energy and current of the first beam
of backscattered electrons at the anode. The con-
tribution of the next backscattered beam to the elec-
tron current at the anode was negligible. It is the
presence of backscattered electrons rather than the
ionization by them that is important. At E/N = 30kTd,
for example, the increase of ionization due to the pres-
ence of backscattered electrons is about 20%. This is
in accordance with the value that Phelps and Jelenkovi¢
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Figure 3. Electron current of the Faraday cup as a function
of the retarding potential for moderate values of E/N:

0.8 kKTd (broken curve, U =220V, p =800 mTorr); 2 kTd
(dotted curve, U =280V, p =230 mTorr); and 4 kTd (full
curve, U= 400V, p=185mTorr) (U is discharge voltage
and p is gas pressure).
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Figure 4. Electron current of the Faraday cup as a function
of the retarding potential for high £/N: 6 kTd (full curve,
U=510V, p=145mTorr); 12kTd (dotted curve,
U=870V, p=120mTorr); 20kTd (short broken curve,
U=1200V, p= 102 mTorr); 50 kTd (long broken curve,
U=12600V, p=84mTorr), values in parentheses are
corresponding discharge voltages and pressures.

(1988) had to use as a yield of ions per electron striking
the anode to fit experimental values of discharge volt-
age versus Nd. Finally, a beam due to low-energy
secondary electrons was added to the incoming beams,
assuming no ionization was made by secondary elec-
trons, and with the variation of the yield of secondary
electrons with energy of incoming electrons taken from
Woods et al (1987).

5. Results and discussion

Our measurements were done for a wide range of
E/N values, from moderate, where electrons reach
equilibrium with the field at different distances from
the cathode, to high, where most of the electrons
behave as if in free-fall. Different behaviours of elec-
trons at different E/N can be seen in figures 3 and
4, The figures show dependence of electron currents
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Figure 5. Variation of the electron current of the Faraday
cup using the single retarding grid and 0.5 diameter
aperture on a graphite anode (broken curve), the single
retarding grid on a stainless steel ancde (full curve) and
the double retarding grid and the 0.3 mm aperture on a
graphite anode (dotted curve).

measured by the Faraday cup as a function of the
retarding potential Up at 800Td to 50kTd. We
grouped discharges as those below and above around
6 kTd, because of the different shape of I versus Uy,
i.e. different shapes of energy distribution function.
And we can say that the terms moderate and high,
ag defined at the beginning of these sections, are for
discharges at £/N below and above 6kTd, respect-
ively. From the exponential growth of the light
emission from Ar discharges (an indication that elec-
trons reach the equilibrium)} Phelps and Jelenkovi¢
(1988) found ionization coefficients that agree well with

the beam model (Phelps et a/ 1987) at E/N up to

around 6 kTd.

As we have pointed out already, the results of our
measurements are affected by electron reflection and
ejection from the anode surface. The technique itself
imposes additional problems that have to be taken into
account. The data presented in figures 3 and 4, and
analysed and discussed in terms of energy distribution
functions later, were obtained using a 0.3 mm aperture
on the graphite anode, and the double retarding grid
in the energy analyser. In order to estimate the effect of
electric field distortion at the aperture and the pressure
effect in the analysis region on the electrons passing to
the analyser we have also made measurements with
different aperture diameters. The broken curve of I
versus Upg at 50 kTd presented in figure 5, was obtained
with 0.5 mm diameter of the aperture on the graphite
anode, and with a single retarding grid analyser. The
results obtained with double grid and 0.3 mm aperture
are shown by the dotted curve. One can see that the
double retarding grid gives the higher energy resolution
at high retarding voltages, and that a smaller aperture
(and smaller field effect, as predicted by ‘Simion’ cal-
culations) gives a stronger variation of [ at low
retarding voltages due to the fact that more low-energy
electrons are now passing towards the grids of the
analyser.
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Another problem related to this type of measure-
ment is the pressure effect. Although the gas density
changes very rapidly behind the aperture, reaching the
vacuum of the analysis region at a distance equal to
the aperture diameter (Coburn and Kay 1971, Gus-
tafson and Kiel 1963), we reaily do not know whether
or not the electron collisions behind the aperture are
important to the low-energy part of the distribution
function. There are two types of pressure effects:
influence of the static pressure in the analysis region
and also of the local pressure on the effusing neutral
particles. The former effect is not important since the
results do not change after slightly closing the valve 1o
the vacuum pump, changing the static pressure in the
chamber by nearly a factor of 10. The fair agreement
between measured and calculated mean electron
energy at the lowest £/N (and highest pressure) of our
experiment can be an indication that the total pressure
effect is not important, particularly at high E/N
because of the lower pressure in the discharge region.

The full curve shown in figure § is for the stainless-
steel anode. The curves in figure 5 are normalized at
half value of the discharge voltage. There is a remark-
able difference at very low retarding voltages, below
50 eV, which may be due to a higher yield of both
secondary electrons ejected and primary electrons
reflected back from the stainless-steel anode. We think
that the higher fraction of lower electron energy,
obtatned with stainless steel, relative to that obtained
with graphite is a combined effect of both secondary
and backscattered electrons. A similar effect was noted
by Jelenkovié and Phelps (1987) from the light emission
in N, discharges at very high E/N.

Current—voltage curves like those shown in figures
3 and 4 were smoeothed by a polynomial fit and then
were differentiated according to equation (4) to obtain
the energy distribution functions F(g). The exper-
imental mean energy of electrons at the anode was
calculated using equation (4), and it is the (), that we
will compare with results from Boltzmann calculations
(for E/N<1kTd) and the beam model (for E/N
= 6 kTd).

5.1. Moderate E/N

The results for the effective distribution function Fie)
are presented in figure 6 for two moderate values of
E/N. In all cases, at those E/N, we have a mon-
otonically decreasing distribution function, similar to
the results of Losee and Burch (1972) and Makabe et
al (1977) at E/N < 500Td. We did not perform the
calculations of the components of the EEDF, f, and f|,
from the measured /c-Ug dependence as they did,
since our geometry did not allow us to perform the
deconvolution accurately.

At values of E/N =550 Td ionization is expected
to be by the electrons that reach collisional equilibrium
with the electric field and the gas at distances short in
comparison with the electrode separation. Secondary
electrons from the ionization processes in the gap are
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Figure 6. Electron energy distribution function, as
discussed in text, versus electron energy for moderate
values of E/N, 2 and 4 kTd.

Table 1.

E/N U (E)e {€)e
{kTd} {V} eV {eV)
0.55 225 8.2 9.8
1 230 9 13

expected to reach equilibrium also. The results of the
experimental mean electron energy (&), are therefore
compared with the mean electron energy (&), calculated
from our Boltzmann calculations of electron velocity
distribution function. The results for 550 kTd and also
for 1 kTd are shown in table 1. There is relatively good
agreement for 550 kTd and big discrepancy for 1 kTd.
The Boltzmann calculations may not be appropriate
for 1 kTd when electrons reach equilibrium at a larger
distance from the cathode, at nearly half of the dis-
charge gap.

At the upper limit of moderate values of E/N the
electron ionization still dominates through the gap. But
as has been shown from the spatial variation of the
optical emission at 6 kTd by Phelps and Jelenkovi¢
(1988), the electrons reach equilibrium only after trav-
elling two-thirds of the discharge gap. The fraction
of primary electrons that arrive at the anode without
collisions was estimated to be less than 10~3 (using
the energy-loss cross section as given by Phelps and
Jelenkovié (1988)) and therefore cannot be seen in our
experimental distribution function due to the limited
detection sensitivity. The calculations done by a single-
beam model for 6 kTd (not shown here) suggest that
the ionization by fast atoms is small compared with
electron ionization but cannot be neglected in the vicin-
ity of the cathode.

5.2. High E/N region

The measured electron energy distribution functions
F(¢) at E/N = 10kTd are shown in figure 7. The gas
pressures corresponding to particular E/N are given in

EEDF in weakly ionized argen

<
T

2

6 kTd 20kTd 30kTd S0 kTd

F{g) {arb. un)

10+

0 540 1080 1620 216D 2700
Electron energy (eV)

Figure 7. Measured electron energy distribution function
for high E/N, 6 kTd, 20 kTd, 30kTd and 50 kTd. The data
are normalized at the maximum values of the high-energy
peak.

the figure captions, while one can read the discharge
voltages from figure 7 as a value where F(g) falls to
zero. Characteristics of the electron energy distribution
functions at high E/N values are a high fraction of
very-low-energy electrons, a plateau extending almost
to the discharge voltage, followed either by a sharp
drop to zero (below 10kTd), or a maximum (above
10 kTd). The peak is at the discharge voltage and is
due 10 primary or runaway ¢lectrons which are emitted
from the cathode and reach the anode without colli-
sions. As expected, the fraction of beam electrons
increases with increasing £/N value.

Table 2 gives the results of measured mean energy
{&). and calculated beam energy (g}, at the anode. The
first two columns on the left, with superscript T, are
mean energies of all electrons arriving at the anode.
Values for the ()] were calculated using the single-
beam model with the addition of beams of back-
scattered electrons. The values for secondary-electron
emission coefficients y at different £/N, were obtained
from ys for different energies of primary and back-
scattered beams and their relative contribution to the
total electron current at the anode (Woods et al 1987).
The values of backscattered coefficients », shown also
in parentheses, are average values for different ener-
gies of electron beams at every E/N, taken to have as
good an agreement as possible with the experiment,
and at the same time to be in the interval of published
values for 5 for graphite.

The additional test of the single-beam model, i.e.
how well it describes the behaviour of primary elec-
trons, is also presented in table 2. The two right-most
columns, (¢)¢ and (e)?, are mean energies of primary
electron beams, calculated from the single-beam model
assuming no secondary and backscattered electrons,
and calculated from equation (5), respectively. The
experimental value (£)¥ was obtained with the low inte-
gration limits in equation (5) taken at the energy at
which the plateau begins,

The results shown in table 2 for calculated values
(€). were obtained assuming ionization by electrons,
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Table 2.

E/N Nd (&) (€)d (e)F (et

(kTd) (107" m™?) {eV) {eV) {eV) (eVv)

6 8.7 65 100

(y = 0.65, n = 0.5)

12 7.2 170 190
(0.6, 0.45)

20 6.1 360 390 728 720
{0.58, 0.4)

30 5.6 480 530 1040 1100
(0.56, 0.4)

50 50 780 860 1700 1900
{0.55, 0.4)

ions and fast neutrals. The single-beam model cal-
culations have shown a very large flux of neutrals,
which at 50kTd, for example, exceeds the ion flux by
a factor of six. The ionization by electrons at high E/
N is significant only in the anode half of the discharge
gap. Therefore ionization by neutrals strongly affects
the spatial variation of the apparent ionization coef-
ficient (Phelps and Jelenkovi¢ 1988) by increasing the
electron multiplication in the gap. The low-energy elec-
trons are then expected to be more abundant in the
energy distribution function. The results of (). by the
single-beam model when heavy particles were not
taken as a source of new electrons gave a higher mean
electron energy, about 300 eV at 50 kTd, and 55¢V at
12 kTd.

As one can see from figure 7, for 12 kTd a relatively
small number of electrons ejected from the cathode
can cross the gap without any collisions. This is in
contrast to the result of Bhasavanich and Parker (1977)
who have shown by Monte Carlo calculations that most
of the electrons arrive at the anode with the full gap
energy. The discrepancy may be due to the fact that
these authors have omitted ionization by heavy
particles.

From table 2, i.e. from the comparison between the
experimental and calculated values of mean electron
energy, it can be established that the low-energy part
of the electron energy distribution function at high
E/N is determined by the flux of backscattered elec-
trons (and much less by multiplication by backscattered
electrons) and the flux of secondary electrons. This
seems to be so also for 6kTd < E/N<12KTd,
although at those E/N electron ionization is still dom-
inant.

6. Conclusion

The experiments and calculations presented in this
paper give the results for the electron behaviour for
moderate E£/N where most of the electrons at the
anode are in collisional equilibrium (500 Td < E/N
< 6 kTd), to high E/N values where electrons normally
reach equilibrium far from the cathode (6 kTd < E/N
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< 12kTd), or when electrons with fewer or no col-
lisions start to dominate the high portion of the elec-
tron energy distribution function (E/N > 12 kTd).

Our measurements of the electron energy dis-
tribution function and of the electron mean energy
at the anode were done using the retarding potential
technique. This technique has to be used carefully since
results can be affected by different effects. The good
agreement obtained at 550 Td, the lowest E/N and the
highest pressure of the experiment, with calculations
done using the Boltzmann equation, can be regarded
as an indication of a small pressure effect in our
measurements. For the other effects present we seem
to know how to calculate, or at least how to estimate,
their effect.

Comparison was made between the experimental
and calculated values of electron mean energy at the
anode. The calculations for £/N = 1kTd were done
using the Boltzmann calculations of the electron energy
distribution function, and for E/N = 6kTd using the
single-beam model. The results and such comparisons
have shown the changes of electron behaviour, and the
increasing effect of backscattered electrons from the
anode as E/N increases. The electron behaviour
changes from equilibrium at 550 Td, to highly non-
equilibrium at 50 kTd. when around 15% of eiectrons
released from the cathode reach the anode without
collisions in the gap. As E/N is increased from low
values, we have found that the agreement between
measured and calculated values, using Boltzmann cal-
culations, of mean energy was not good even at 1 k'Td.
Also, the single-beam model gave a much higher mean
energy of electrons arriving at the anode than did
measurements, below 6 kTd. Both types of calculation
did not work well in this transient region of moderate
E/N values because electrons, which are the main
source of ionization there, are not coming into equi-
librium in distances short enough for Boltzmann cal-
culations, and yet are still coming into equilibrium at
large distances, when the electron energy distribution
function cannot be described by a mono-energetic
beam as in the single-beam model.

The single-beam model predicts that above 10kTd
the ionization by fast neutrals is more important in



the cathode end of the discharge than ionization by
electrons. The values for mean electron energies of
primary electrons only at the anode, obtained from
experiment and calculated with the ionization by ions
and neutrals using a single-beam model, are in much
better agreement than when the heavy-particle effect
is taken out. For example, the primary electron beam
energy at the anode, for E/N = 50kTd, is about 300 eV
higher than shown in table 2 if ionization by those
particles was not included.

The measurements with different anode materials
having different coefficients for secondary and back-
scattered electrons, and the comparison between
experimental results and results of the single-beam
model, showed the strong effect of backscattering and
secondary electrons on the low part of the electron
energy distribution function. The main impact on the
energy distribution function is from backscattered elec-
trons themselves, rather than from ionization by back-
scattered electrons.

Therefore we can conclude that a simple single-
beam model can well represent the behaviour of elec-
trons in the primary beam from the cathode in high
E/N gas discharges. With the inclusion of beams of
backscattering electrons from the anode the model can
also predict very well the mean electron energy of all
electrons at the anode.
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