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Foreword

The International Conference on Phenomena in Ionized Gases (ICPIG) has been
held every two years and covers nearly all aspects of phenomena in ionized gases.
In 2003, the 26th conference is taking place in the centre of the Hanseatic city of
Greifswald, located near the Baltic Sea. It is now 50 years since the first ICPIG
conference was held in Oxford in 1953. The conference arrangements have been pre-
pared by the Local Organizing Committee (LOC) in cooperation with the Institute
of Physics of the Ernst Moritz Arndt University, the Institute for Low-Temperature
Plasma Physics and the Max Planck Institute for Plasma Physics, Greifswald branch

institute.

More than 400 scientists are expected to attend this conference from various coun-

tries, and about 400 important papers on various topics will be presented.

We would like to acknowledge the contributions of all cooperative individuals and

organizations, and also to all participants form various countries.

This set of four volumes contains invited papers for oral presentation and the contri-
buted papers which were reviewed by the Local Organizing Committee in cooperati-
on with the national advisory board and accepted for presentation in poster sessions
at the conference. For a paper to be included in these volumes, at least one of the

authors had to be registered for the conference.

Invited general, topical and workshop papers as well as contributed papers are prin-
ted in four volumes (vol. 1: July 15, vol. 2: July 16, vol. 3: July 17, vol. 4: July 19
and 20). Each volume is arranged by topics corresponding to the respective poster
sessions. The papers were limited in length to two pages. The responsibility for the
contents and the form of each paper rests with the authors. Most of the papers are

available on the website http://www.icpig.uni-greifswald.de/proceedings/.
The full text of the Invited Papers will be published in a special issue of “Contri-

butions to Plasma Physics” after the conference.

The editors express their deep gratitude to Bert Krames for his technical assistance

in the preparation of the conference proceedings.

July 2003 The Editors
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Properties of Planar Surface Wave Excited Plasma

Masashi Kando

Department of Electrical and Electronic Engineering, Shizuoka University
Johoku 3-5-1, Hamamatsu 432-8561, Japan.

The properties of the planar surface wave plasma are discussed from the view point of electron
heating in the plasma at the low pressure, referring to the experimental evidences. The role of the
dielectric plate is considered. The plasma density profiles in the radial direction can be modified
by controlling the microwave in the dielectric plate.

1. Introduction

The surface wave plasma in the cylindrical geometry has
a long history of investigation originated from the
1970's. Extensive experimental and theoretical results
obtained till now are summarized in the literatures [1].
Therefore, the present paper will be focused to the planar
surface wave plasma, which was firstly reported in 1989
[2].

The planar surface wave plasmas have attracted an
increasing interest in the industrial application since they
can produce high-density plasmas with a large diameter
at the low pressure without magnetic field. Many types
of planar surface wave plasmas have been developed
using several methods of the wave excitation to feed the
microwave power at the top [3-4] or from the side wall
[5] of the discharge chamber. The details of the planar
surface plasmas have already been reported in the review
paper [6]. From the view point of plasma physics, it is
important to consider the mechanism of the energy
transfer from microwave to electrons in such a low-
pressure plasmas that the collisional electron heating is
not effective: in other words, electron collision frequency
is much lower than the microwave frequency. The
present paper will report the experimental results related
to electron heating mechanism measured at the low
pressure argon in the planar surface wave plasma whose
apparatus consists of a large diameter quartz plate and an
annular slot antenna [4]. The role of the dielectric plate
will also be discussed since some part of microwave can
propagate inside the dielectric plate and interact with the
plasma, which permit to modify the plasma profiles in
the radial direction.

2. Experimental apparatus

The experiments were carried out in argon gas in a
microwave planar plasma source. The apparatus used in
the experiment has been taken into account to keep a
good axial symmetry using an annular slot antenna as a
surface wave launcher, for the sake of easier
consideration of experimental results. The 2.45GHz
microwave power of 0.2 - 2 kW is applied to produce the
plasma to a cylindrical discharge chamber with 312 mm
in diameter and 350 mm in height. The microwave
couples to the chamber through a quartz plate with a
thickness of 15 mm by an annular slot antenna backed by

a tunable cylindrical cavity {4]. The cylindrical tungsten
Langmuir probes were moved along the chamber axis or
rotated in the azimuthal direction to measure the plasma
density and electron temperature profiles.

3. Experimental results and consideration
3.1 Hole on the axial probe current profile [7]

The axial profiles of the probe current are measured
along the chamber axis as a function of the argon gas
pressure, microwave power and the probe bias voltage.
Figure 1 shows the typical example. The probe current

rapidly increases from the quartz plate, taking a
maximum at around 50 mm and then gradually decreases
towards the bottom of the chamber. It is clearly shown
that the hole appears on the probe current profile at a
certain axial position of around 30 mm from the quartz
plate and that the depth of the hole becomes small with

0.8 PO

R p
L.

0.4-( T,

0.0

-rfg

08
08}

Argon, 2.6 mTorr, 1400 W |
probe on axis

T T

Ll L Ll

K"H‘;"‘T?}ﬂ N g
Pttt ]
0.6 i S

0.4 { ety
02 probe bias V.= -50 V :
0.0 {‘, 1
02f ]

Probe current (mA)

E ]

08 Fortiony -

[ 1 S x |

06| el -
",

0.4 Hi ™

|
0.2 .3 probe bias V = -70 V ]

P PP IS NS WA ArS EPESrar

0 5 10 15 20 25 30 35
Distance from the quartz plate (cm)

0.0

Fig. 1 Axial probe current profiles measured along the
chamber axis in argon at 2.6 mTorr and absorbed microwave
power of 1.4 kW for three different probe bias voltages.




decreasing the probe bias voltage from - 40 V to - 70 V,
diminishing at -50 V. When the plasma potential of 20 V
is taken into account, the energy of the hot electrons is
estimated to be around 70 eV. It is interesting that the
electron density at the hole always coincides with the
cutoff plasma density (7.4%10' m?) for the other
experimental conditions. However, the hole does not
appear in the probe current profiles when they are
measured under the slot antenna. This suggests that the
hole creation is responsible for the microwave electric
field in the axial direction.

3.2 Hot electron measurement [8]

Another experimental evidence of electron heating in the
low pressure surface wave plasma is an isotropic probe
characteristics measured by the specially designed probe
that the plasma particles can be collected from the
specified direction, as shown in Fig.2(a). Figure 2(b)
shows a set of the probe characteristics measured at 100
mm from the quartz plate by the collecting surface of the
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Fig.2 (a) One-side shielded Langmuir probe, (b) Probe
characteristics measured at 100 mm under the quartz plate
with the shield positioned above and under the probe tip.

probe facing to the quartz plate (the top of the chamber)
and to the bottom of the chamber. Significant difference
is observed in the region of bias voltage higher than - 40
V at the low pressure and decreases with increasing the
pressure. The differences come from the high energy
electron flux directed away from the quartz plate,
originated at the resonance region near the quartz plate as
mentioned before. Assuming the hot electron energy of
60 eV, electron mean free paths estimated at the pressure
of 5, 10, 20 and 50 mTorr are 306, 153, 76 and 31 mm
respectively, which can explain the directed electron flux
cease at higher pressure.

3.3 Active contro! of plasma density profile

A tuning system for a planar surface wave plasma source
[9] has been developed, based on T-junction tuning
element. It can control the plasma diameter, matching
and radial plasma density profile since the microwave
propagation inside the quartz plate is effectively
controlled by the position of three plungers of T-junction
tuning element.

3. Summary

Two experimental evidences of electron heating in the
low-pressure surface wave plasma have been observed
by the probe measurement. The heating region is close to
the quartz plate where the plasma density coincides with
the cut off plasma density.

The origin of localized hot electron can be explained on
the basis of the heating mechanism proposed by Aliev et
al [10]. The electrons entering the plasma resonance
region where the microwave electric field is enhanced
can take energy from the field if their transit time
through the region is short compared to the field period.
Otherwise, electrons cannot gain any energy from the
filed when averaged by one period of the field. The
transit time estimated for hot electrons fulfill the
necessary condition for transit time heating.
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Plasma Phase Transition in Dense Hydrogen and Electron-Hole Plasmas
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Plasma phasc transitions (PPT) in dense hydrogen and electron-hole plasmas are investi-
gated by direct path integral Monte Carlo methods (DPIMC). The phase boundary of the
electron-hole liquid in Germanium is calculated and is found to agree reasonably well with
the known experimental results. Analogous results are found for high-density hydrogen. For
a temperature of T = 10,000K it is shown that the internal energy is lowered due to droplet
formation for densities between 102 cm™2 and 1024 em=3.

1. Path integral Monte the particle coordinates are denoted
Carlo simulations by R® = (¢®,r®) = (RY) RY),
All thermodynamic properties fori=1,...n+1, RO) = (q,7) =
of a two-component plasma are ( R,(,O), Rgﬂ)), and R®+) = RO
defined by the partition func- and ¢’ = ¢. This means, the par-
tion Z which, for the case of ticles are represented by fermionic
Ne electrons and N, protons, loops with the coordinates (beads)
is given by Z(Ne,N,V,) = [R] = [RO;RW;...;R™); R+,
Q(x:!’xﬂg’ﬁ), with Q(Ne, Np,B) = where g and r denote the electron
Za f dgqdr p(q,7,0;8), where and proton coordinates, respectively.

The spin gives rise to the spin part
ﬁ_ = 1 ]?BT: The exact den- of the density matrix S, whereas ex-
sity matrix s, for ‘a  quantum change effects are accounted for by
system, in general, not kno‘wn the permutation operator P, which
but can  be constructed using acts on the electron coordinates and
a path integral representation spin projections, and the sum over
(1, 2] ‘.! dRO'Y, p(R®,0;8) = the permutations with parity sp.

To compute thermodynamic func-

dR© ... dR™ pM) . p@) 5" x
f P P P tions, the logarithm of the partition

z Yo p(E1)P S(()’ Pa’)Pp(77'+l) function has to be differentiated
where p() = p(R -1 RD;AB) = with respect to thermodynamic
(R (i— 1)|6~AﬂHl R ), whereas Af = variables, so for internal energy E

we have SE = —f30InQ/03

2. Numerical Results

Since the PPT in dense hydrogen
is still hypothetical and has not
been observed experimentally, it is

B/(n+1) and AN = 2xh*AB/ma,
a = p,e. His the Hamilton op-
erator, H = K + U,, containing
kinetic and potential energy con-

tributions, K and Uc, respectively,
with U, = UP + U + U2 being the reasonable to look for other sys-
é ¢ © tems where similar conditions exist.

A suitable example is electron-hole
plasma in low-temperature semicon-
ductors, for which droplet formation
is well established and observed ex-

sum of the Coulomb potentials be-
tween protons (p), electrons (e) and
electrons and protons (ep). Further,
o comprises all particle spins, and




perimentally three decades ago [3].
We, therefore, performed DPIMC
simulations for electron hole plas-
mas. Below the critical tempera-
ture the simulations exhibit anoma-
lously large fluctuations and an un-
stable behavior of the pressure. The
e-h-plasma is found to phase sepa-
rate and form large droplets. The
phase boundary of the clectron-hole
liquid (e-h-droplets) in Germanium
obtained by our DPIMC method is
presented in Fig. 1 together with the
experimental data. We observe good
agreement. Deviations may be con-
nected with complex band structure
of Germanium approximated in our
simulations by a two-band parabolic
mass model.
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Figure 1: Phase boundary of the
electron-hole liquid in bulk Germa-
nium. Experiment. - [3]. Tempera-
ture is presented in units of the ex-
citon binding energy.

Fig.2 presents results of our caleu-
lations for pressure and energy of
hydrogen at T = 10,000K, which
is well below the critical point of
the PPT predicted by chemical mod-
els (around T = 15,000K). In our
calculations between 1022cm=? and
10%%¢m™3 calculated pressure be-
comes negative. We find also that.
in this region plasma encrgy is sys-
tematically lower than the RPIMC
results [4]. If average distance be-
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Figure 2: Pressure and energy of hy-
drogen for T = 10,000k, DFT - [5].
RPIMC - {4].

tween plasma particles is of the or-
der of the size of a hydrogen molecule
the homogencous plasma state be-
comes unstable, and many-particle
clusters appear. Results of one in-
dependent. well tested method based
on density functional theory (DFT)
are presented on Fig. 2, where PPT
was obtained at smaller density [5].
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Transport Properties of Dense Laser Plasmas
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Generalized kinetic equations are used to investigate transport properties of dense plasmas
in strong laser fields. Quantum statistical ezpressions are derived for, e.g., the collision
frequency to account for nonlinear field phenomena as well as strong correlation effects. The
influence of these effects on collisional absorption is discussed.

1. Introduction

The impressive progress in laser technology makes
femtosecond laser pulses of very high intensity avail-
able in laboratory experiments. If solid targets are
irradiated by such laser pulses, dense plasmas can be
created relevant for astrophysics and inertial confine-
ment fusion. To understand transport properties of
intense laser-plasma interaction, a theoretical mod-
elling of dense nonideal plasmas in strong laser fields
is needed.

One of the important mechanisms of energy deposi-
tion is inverse bremsstrahlung, i.e., laser light absorp-
tion via collisional processes between the plasma par-
ticles. In strongly ionized plasmas, this absorption
process is essentially governed by the electron—ion in-
teraction usually described in terms of the electron—
ion collision frequency.

A lot of work has been done up to now to consider the
electron—ion collision frequeny and the dynamic con-
ductivity, respectively, for laser plasmas under dif-
ferent conditions. The well-known classical theories
were developed in, e.g., [1, 2, 3]. Basic equations of a
rigorous quantum kinetic approach to laser plasmas
were derived in Ref. [4].

We consider a fully ionized plasma under the
influence of a spatially homogencous electric field.
Starting point is a generalized kinetic equation for
the gauge invariant Wigner distribution function
which follows from the time diagonal Kadanoff-
Baym equation. The central quantity in the
collision term is the self energy function. Powerful
schemes are available to determine appropriate
approximations for the self-energy function taking
into account nonlinear field dependence as well as
many-body and quantum effects relevant for high
density plasmas.

2. Collisional absorption
As we are interested here in the collisional absorption
by the plasma, it is obvious to start fromn the balance
equation for the energy and for the electrical current
resulting from the kinetic equation. As the collison
integral is a non—-Markovian one, the energy balance
reads
dwkin dWwpot .

dt + dt =J E s (1)
i.e., the change of the total energy of the plasma
particles is equal to j - E that is in turn the energy

loss of the electromagnetic field due to Poynting’s
theorem.

For the calculation of the collisional absorption, we
start from the general balance equation for the cur-
rent density of species a. It follows

d, e2
aja(t) - na;L: E(t)

d*q  e.q
= 7953 1y Va L< i6,t), 2
,,#Za/ (21h)3 mq Ig(q) @t @)

where Vy(q) is the Fourier transform of the Coulomb
potential. The collision term is now expressed by the
correlation function of the density fluctuations given
by ihLS, (5, ') = (6ps(t')0pa(t)). For this function an
appropriate approximation has to be found. In Born
approximation the current can be expressed by the
Lindhard dielectric function. For a harmonic field
E = Ejcoswt, the field dependence is described by
a Fourier series in terms of Bessel functions. This
scheme allows to investigate the current density and
the energy dissipation in dense weakly nonideal laser
plasmas including dynamic screening, quantum ef-
fects as well as nonlinear field phenomena such as
higher hamonics and multiphoton processes. The de-
tails of the investigation are presented in Ref. [6].
To include strong correlations one has to go beyond
the Born approximation. An approximation which
accounts for strong correlations in the ion and elec-
tron subsystems, we derived in Ref. [7]. Now, the
resulting expression for the current is given in terms
of dynamical structure factors and the exact den-
sity response functions. Again, the field dependence
is described by a Bessel function expansion which
causes the nonlinear field effects mentioned above.
An important quantity is the cycle averaged dissipa-
tion of energy (j - E). In the case of high-frequency
fields, we get

Pq ed® o
j- E = e S b V 3 ' B
(-] ) (27‘['?1)3 h2eg ei (q) n; S“(q)
o v .
2 * Vo
X Z nwJ; ( huw ) Im P CTEmR 3)

n=—o

with e71(q;w) = 1+ (h2%e?)/(e0g?) LE(q;w) being
the dielectric function with the density reponse func-
tion of the electron gas L..(q). As high frequency
fields are considered the static ion—ion structure fac-
tor Si;(q) appears in (3) instead of the dynamical




one. Furthermore, J, is the Bessel function of nth
order and vy = eEy/mcw is the so-called quiver ve-
locity.

Often the electron-ion collision frequency ve; is dis-
cussed which is defined for the high-frequency case
by (wp - plasma frequency)

_w (j-E)
Vei"Z}EGjE—”- (4)

Using the Lindhard dielectric function and ne-
glecting ion-ion correlations (S;;=1), the results
follow we derived in Ref. [6]. Those results have
a similar form as that of the nonlinear Dawson-
Oberman model [1]. However, in our formula, the
dielectric function is given by the quantum Lind-
hard form, whereas the dielectric theory of Decker
et al. leads to the classical Viasov dielectric function.

3. Numerical results

We compare the results obtained in the frame work
of the quantum kinetic approach with the results
of the classical theories. In Fig. 1 the collision
frequency is shown as a function of the coupling pa-
rameter I’ = (e?/4neg) /dkpT with d = (47n/3)~1/3
for a strong field (vo/ve, > 1). Results using the
Lindhard dielectric function and S;;(q) = 1 arce
given by the upper curve. In the case of static
screening the collision frequency is reduced.
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Fig. 1. Electron-ion collision frequency as a function
of the coupling parameter I for a hydrogen plasma in a
strong laser field. Comparison is given with the theory of
Decker et al. and with the asymptotic formula of Silin.
For small values of I' (weakly nonideal plasma), the
classical dielectric theory of Decker et al. [1] and the
classical asymptotic formula by Silin [2] give almost
the same results. However, with increasing T, the
classical curves show a sharp drop down. This be-
haviour results from a cutoff procedure at large wave
numbers used in the classical theories. Such a cut-
off is avoided in our approach automatically, and the
range of applicability is extended to higher values of
the coupling parameter.

As discussed above, the expression (3) generalizes
the results to dense quantum plasmas including
strong correlation effects.
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Fig. 2: Electron—ion collision frequancy as a function
of the coupling parameter I'. lon structure factors in
different. approximations: HNC and Debye.

Let us consider the influence of the ion-ion corre-
lations. In Fig. 2 the collision frequency is shown
using different. approximations for the static ion-ion
structur factor S;; (in the dielectric function, we in-
cluded local field corrections (7]). Here vy /vy, = 0.2,
i.e. a smaller field strength is considered. Inclusion
of the structure factor in hypernetted chain (HNC)
approximation decreases the collision frequency for
small and moderate coupling up to T' = 5 whereas
an increasing behaviour follows for high values of the
coupling parameter. As expected, the Debye approx-
imation can be applied only for weak coupling. Good
agreement with data obtained by simulations can be
found in the range T’ < 1 [6).
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The magnetised plasma-wall transition: Theory and PIC simulation
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We consider the plasma-wall boundary conditions in the presence of a strong magnetic field and
discuss realistic examples when they can strongly deviate from the well-accepted classical ones.

1. Classical model of the magnetised plasma-
wall transition

The plasma-wall transition (PWT) is the narrow layer
between the "bulk" plasma and a conducting wall. The
PWT strongly affects the particle and heat fluxes to
the wall, thus influencing all plasma-wall interaction
processes [1, 2]. Hence, investigation of the PWT has
become a genuine branch of plasma physics. In de-
scribing the PWT it is usually assumed that

A, << p; << I, where A,, p;and | are the De-

bye length, the ion Larmor radius and the charged-
neutral particle collision mean free path, respectively.
Under these conditions, the one-dimensional PWT can
be divided into the following three parts: the Debye
sheath (DS), the magnetic presheath (MP), and the
collisional presheath (CP). Due to the strongly kinetic
nature of the DS and the MP, fluid and gyrokinetic
numerical codes are inappropriate to describe this re-
gion self-consistently. Thus, establishing realistic
boundary conditions (BCs) at the MP entrance (MPE)
is becoming of top importance. In addition, these BCs
can be used for direct (analytical) calculations of the
particle and energy fluxes to the wall [2].

The classical model of the combined DS-MP region
[2,3] assumes a cut-off Maxwellian velocity distribu-
tion for the electrons, and neglects cross-field drifts.
Then, the BCs at the MP entrance are

T, M, T ! T, +T,
Ad,, =—Iln———~t—  V,,= |"—sina,
e =5 2mm, T,+T," " M,

© A ;
y‘.z_—"—=2+e—¢iz5, }’,=&=2,0+3.5,
TT, T T

13 iti

where A@,,p,, Vyp and ¥,; are the potential drop

between the MPE and the wall, the ion fluid velocity
component normal to the wall at the MPE, and the
electron and ion sheath heat transmission coefficients,
respectively [3]; @ is the angle between the wall and
the magnetic field, e is the positive elementary
charge, m, and M; are the electron and ion masses;

T,

vi» I,;and ©,; are the temperature, the electron
and ion particle and energy fluxes at the MPE. The
second equation is the Bohm-Chodura condition. For
simplicity we restrict ourselves to the floating case.

The aim of our work is to demonstrate that in reality

the BCs at the MPE can strongly deviate from the classi-
cal ones listed above. All analytical results presented be-
low have been checked against PIC kinetic simulations
and found to be in good agreement with the latter.

2. Effects of superthermal electrons

The first question arising is the following: How correct is
the assumption of Maxwellian electrons inside the PWT?
Due to the low collisionality of high-energy electrons, the
electron distribution at the MPE can contain a non-Max-
wellian high-energy tail. In fusion plasmas this happens,
e.g., during ELM (Edge-Localised Mode) activity, or dur-
ing Lower Hybrid current drive and heating. In order to
model a PWT of this kind one can assume that the plasma
contains three electron populations (4], namely the ther-
mal one and two high-energy electron beams propagating
towards and away from the wall. The second beam corre-
sponds to the electrons of the incoming beam, having
been reflected in the DS and MP. Using the quasineutral-
ity and the particle-conservation constrains, one can ob-
tain the modified plasma BCs at the MPE. For low con-

centrations of the high-energy electron population (C.f)
we get the following implicit BCs:

a—-cF(0,4/Ap) o ”T,. +T, m,

' " F(B,6) - cF(0[Ap)’ T, M,
C
y, ((2+Aw)F(o,JA_«p)+—C§(F(ﬂ,6>(2-5+ﬂz)—

_C
T

, PAQ+ofJAp—0.5 _p
AR+AQ)F(0,JAQ)+ 7207 (8) 7 e ) e j
_ | — _ _ L =eA¢MP
B= Tth,a eJAp-e, ¢ Th,A(o ="
_expl- g2)+mall-erf(B))
Fla.p= I+ 2erf(a)+etf(ﬂ) )

where 7, and ¥V, are the temperature and the velocity of

the high-energy electron beam, respectively. A@ and ¥

*as functions of C g are given in Fig. 1, from which we see

that even a very low concentration of the high-energy
electron population can dramatically change the BCs at
the MPE.
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3. Drift effects

Other candidates for affecting the BCs are the cross-
field drifts. Here we consider the ExB drift as the most
important one for fusion plasmas [2].

We consider a half-bounded plasma with the MPE
located at z — —oo, where z is directed along the
normal to the wall (Fig. 2). Let us assume that there
exists an electric-field component paralle! to the wall
(Ey). Then, neglecting pressure terms, we can write the
ion particle and momentum conservation equations for
the MP [5] in the form
9 .7 =0, [,7_3:),7 =2 (E+VxB),
oF M,

or
| 0 9 (002
"=e"p( T) ar-”(o’o’az)’
—=(03E_,~(Ziy)’ E;(ZSy))’ B=(B,\‘7O’ B:)

The corresponding BCs at the MPE have the follow-
ing form:
0

E’ - -
AR A cosa'+?"sin a, V' =0,V"= Vl

o
0

0 _E 0
VP=V,,=V'sina —;cosa E, El ,

whereVHOis the ion parallel velocity at- the MPE,

which is unknown yet.
It is possible to show that the system given above
has a solution only if

1[1+77

7= i cot - L=
1+T,/T, L, :

0
y

< +—cote,
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Here, p, is the Larmor radius and the sign of 77 de-

pends on the direction of the ExB drift: If the drift is di-
rected towards the wall, then 77 is positive, and in the

opposite case it is negative.
From Eq. (1) we immediately obtaina new BC at the

MPE:
Vip = (\/1”'"7 )f%sina.

For small angles (@ << 1), 77 can easily become of the
order of unity (or larger), hence the corresponding
Vi can significantly differ from the classical one.

Ey >
z
/

Figure 2.
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Let us conclude by noting that in the extended version
of this paper we will discuss two additional aspects,
namely (a) the effects of a magnetic field almost paralle!
to the wall, and (b) the instabilities caused by secondary
electrons.
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Rapid, safe, and effective sterilization is of the utmost importance when it comes to protecting the
public in general and hospital patients in particular. Today, public health institutions face
unprecedented challenges due to the advent of heat sensitive reusable medical tools and due to the
appearance of heat resistant microorganisms such as prion, the protein which causes Creutzfeldt-
Jacob disease, more commonly known as “mad cow disease”. Conventional sterilization methods
such as autoclaving and Ethylene Oxide (EtO) are inadequate in these cases. Non-equilibrium
“cold” plasmas have recently been shown to be a very promising alternative, potentially capable of
overcoming the above-mentioned challenges. In addition to not damaging the articles to be
sterilized, cold plasmas proved to be very effective due to the synergistic effects of fiee radicals and
UV photons, which interact with the cells of microorganisms on the atomic and molecular levels.

1. Introduction

Sterilization was concisely defined by S. S. Block [1] as
“ any process or procedure designed to entirely
eliminate microorganisms from a material or medium”.
It can be achieved by chemical and/or physical means,
such as heat, chemical solutions and gases, and
radiation [1]. Most conventional sterilization techniques

- are associated with some level of damage to the

material or medium supporting the microorganisms.
This does not present a problem in cases where material
preservation is not an issue. However, in cases where it
is imperative not to damage the materials to be
sterilized, conventional methods are either not suitable
at all or offer very impractical and/or tedious and time
consuming solutions. This situation led to a drive to
develop new techniques as effective as established ones,
but with added superior characteristics such as short
processing  times, non-toxicity, and medium
preservation. Amongst these new methods, non-
equilibrium atmospheric pressure plasmas have been
shown to present a great promise [2] -[4]. -

2. Conventional Sterilization Methods

From early times human have realized that sunlight is a
good sterilization agent. It offers some degree of
protection  from  infection  with  pathogenic
microorganisms. However, through the years, more
controllable sterilization methods have been developed.
Here we briefly discuss a few of these methods.
Sterilization by Heat. Both moist heat and dry heat can
be used. Moist heat is generally applied by a device
known as an “autoclave”, which produces pressurized
steam (15 psi) at 121 °C. Exposures of 20 minutes
usually result in complete sterilization. Dry heat can be
applied by infrared radiation or incineration. Heat
sterilization is applicable only if damage by heat and/or
moisture is not a problem.

Sterilization by Gases: The most widely used gas in this
method is Ethylene Oxide (EtO). It is used in medical
applications to sterilize heat sensitive items. Ozone (Os)
is another gas used to disinfect water and to preserve
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food from spoilage. Ozone is known to interfere with
cellular respiration.

Sterilization by EM Radiation: Microwaves, ultraviolet
radiation, gamma-rays, and X-rays can be used to
inactivate microorganisms. Each type of EM radiation
affects cells in a different way. Ultraviolet radiation
(UV), in the 220-280 nm range, for example, directly
affects the DNA of cells. Ionizing EM radiation affects
the cells of microorganisms by causing physical and
biochemical changes in the DNA. EM radiation is used
for the preservation of food, treatment of sewage, and
for the sterilization of medical products.

Sterilization _by__Particle Radiation: Electrons, a-
particles, and protons can be used in this method.
However, electrons have been the particle of choice. In
particular, electron beam irradiation is presently used
for various decontamination purposes.

3. Low Temperature Plasmas

Relatively large volume low temperature plasmas are
traditionally generated at reduced pressures. However,
for practical sterilization/decontamination purposes, to
have a vacuum system-based device would be
inconvenient and expensive. Therefore, methods to
generate large volume plasmas at or near atmospheric
pressure were adopted. In this paper, the emphasis is on
atmospheric pressure “cold” plasma devices. For an
extensive coverage on the sterilization application of
low-pressure plasmas, the reader is referred to reference
[5].

Today, cold plasmas at atmospheric pressure can be
generated by various methods. Amongst these, the
Dielectric Barrier Discharge (DBD) [6], the Resistive
Barrier Discharge (RBD) [7], and the Atmospheric
Pressure Plasma Jet (APPJ) [8] have been especially
researched in the past few years. The RBD can be
driven by DC or AC power sources, the DBD requires
frequencies in the kHz range, and the APPJ uses a 13.56
MHz RF power source. These devices can generate
relatively large volumes of non-equilibrium, low
temperature plasmas at or near atmospheric pressure.




Air or other gas mixtures can be used. The plasmas
produced by these devices have typically electron
densities in the 10° em® — 10" ecm™ range, plasma
power densities in the 10 — 300 mW/cm’, and gas
temperatures generally below 100 °C. They are sources
of UV, visible, and IR radiation, and free radicals such
as O and OH which play important roles in the
destruction of microorganisms.

4. Sterilization/Decontamination by Low

Temperature Plasmas

Historically, it was Siemens [9] who in 1857 used an
atmospheric pressure plasma (corona discharge) to
generate ozone to disinfect water. Later, Menashi [10]
used a corona discharge to sterilize the surface of
materials. In the mid-nineties Laroussi [2], [3] used a
DBD - based diffuse discharge at atmospheric pressure
to decontaminate biological media. Other experiments
soon followed using various discharge configurations to
destroy both gram-negative and gram-positive bacteria,
as well as other microorganisms such as viruses.
Kinetics of Inactivation: The concept of inactivation or
destruction of a population of microorganisms is not an
absolute one. This is because it is impossible to
determine if and when all microorganisms in a treated
sample are destroyed [1]. Therefore, experimental
investigation of the kinctics of cell inactivation is
paramount in providing a reliable temporal measurc of
microbial destruction.

Onc kinctics measurement parameter, which has bcen
used extensively by researchers studying sterilization by
plasma, is what is referred to as the “D” value (Dccimal
value). The D-value is the time required to reduce an
original concentration of microorganisms by 90%. Since
survivor curves are plotted on semi-logarithmic scales,
the D-value is determined as the time for a onc log)
reduction.

To date, the experimental work on the germicidal
effects of atmospheric pressure plasmas has shown that
survivor curves (CFUs versus time) take different
shapes depending on the type of microorganism, the
type of the medium supporting the microorganisms, and
the method of exposure. Single-slope, dual-slope, and
multi-slope survivor curves have all been reported. The
D-value of each phase of the dual-slope and multi-slope
curves are generally different (seconds to minutes
range), indicating different interaction processes in
these phases between the plasma and the biological
media.

5. Cells Inactivation Factors

Effects of the UV: UV affects the cells of bacteria by
inducing the formation of thymine dimers in the DNA.
This inhibits the bacteria’s ability to replicate properly.
By comparing the killing kinetics of UV radiation from
a low-pressure mercury vapor lamp and that of
atmospheric pressure cold plasma, Laroussi [3]
concluded that UV does not play the prominent
inactivation role in atmospheric pressure plasmas. This
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claim was later supported by the work of Herrmann et
al. {4] and others.

Lffects of the Reactive Species: 1t has always been
recognized that the reactive species, generated in a high
pressure non-equilibrium  discharge through electron
impact excitation and dissociation, play an important
role in its germicidal characteristics.  Several
investigators showed that discharges containing oxygen
have a strong germicidal effect: The D-value decreases
if a certain amount of oxygen is added. This is due to
the presence, in such discharges, of oxygen-based active
spccies such as atomic oxygen and ozone. Other
radicals such as OH have also been found to play an
important role in the inactivation process.

Lffects _of Charged Particles: Mendis et al. [11]
suggested that charged particles may play a very
significant role in the rupture of the outer membrane of
bacterial cells. They showed that the electrostatic force
caused by charge accumulation on the outer surface of
the cells’ membrane could overcome the tensile strength
of the membrane and cause its rupture. They claim that
this scenario is more likely to occur for gram-negative
bacteria, the membrance of which possesses an irregular
surface.

6. Conclusions

Low temperature, atmospheric pressure plasmas have
been shown to possess very effective germicidal
characteristics. Their relatively simple and inexpensive
designs, as well as their non-toxic nature, give them the
potential to replace conventional sterilization methods
in the ncar future. This is a most welcome technology in
the healthcare arcna wherce re-usable, heat sensitive
medical tools are becoming more and more prevalent.
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Plasma processing of materials at the atomic scale
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Plasma etching is finding new applications beyond the microelectronics industry. There are new
challenges in the devising and controlling of plasma-surface interactions.

1. Introduction

A new generation of electromechanical devices is
emerging that indirectly interface the processing power
of microelectronics with the macroscopic world of
human life. These are micro-electromechanical systems
(MEMS) and their close relatives, micro-opto-
electromechanical systems (MOEMS) and nano-
electromechanical systems (NEMS); for brevity the
single acronym MST will be used to imply the whole
family of micro and nano systems technologies.

Conventional process technologies that have evolved
for the manufacture of microelectronics to a very large
scale of integration (VLSI) are amenable to adaptation
for the fabrication of MST devices [1]. As a result,
silicon is widely used as the base material for MST and
plasma enhanced chemical vapour deposition and
plasma etching are mandatory tools for shaping it.
However, specifications of the manufacturing processes
required for MST can be different by orders-of-
magnitude from those in VLSI processes because of the
contrasting quantity of material involved:
microelectronics is still predominantly based on a planar
geometry whereas MST devices are more often than not
fully three dimensional. Nevertheless, the principal
characteristics of processes based on low pressure,
electrical discharge plasmas are still advantageous. For
instance, plasmas exploit electrical energy to stimulate
enhanced chemical reactivity to provide an etching
medium. Furthermore, space charge sheaths at plasma
boundaries introduce directionality in the rates of
surface reactions through the bombardment by high
energy ions. In addition, plasma processes are ‘dry’ — a
fact that allows most of the fabrication sequence to be
done without the repeated washing and drying necessary
if wet chemical routes are used.

Tailoring processes for the plasma etching of silicon is
of particular importance for a wide variety of MST
demands. Key developments include robust and reliable
control of atomic-order surface adsorption, surface
diffusion and surface reactions in plasma etch processes.
These surface mechanisms control the vertical and
lateral etch rates as well as the etch-selectivity, all of
which must be optimized in order to fabricate functional
structures. Most of the previous work on etching
mechanisms concentrates on reactions that are enhanced
by ion-bombardment, and there has been much less on
surface diffusion or adsorption processes. Existing
models deal only with a sub-set of the key parameters in
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what is a multi-dimensional problem. Moreover, they
generally deal with essentially planar silicon structures,
whereas there is now a need to describe the significantly
more complex 3D processes required for MST devices.

2. Plasma etching

In the plasma etching process, surface material is
removed as volatile molecules formed in chemical
combinations between the surface atoms and species
originally activated in the plasma. The relatively hot
electrons (1-10 eV) that predominate in low pressure
gas discharges are particularly effective activators.

2.1 Vertical (anisotropic) etching

Of particular interest in etching features for MST
devices is a process that cuts deep into the bulk silicon.
The so-called ‘switched etch process’ achieves this in a
succession of deposition and etch steps through which
anisotropic etching is promoted. The sides of features
are typically protected by a thin layer of fluorocarbon
polymer deposited from radicals generated in a
fluorocarbon plasma (Fig 1.). After only a few seconds
of deposition, the plasma composition is switched to
provide an etching medium based on SF¢. Fluorine
atoms, liberated by the inelastic collision processes in
the plasma, etch those areas that are cleared of polymer
by a strongly directed flux of energetic ions crossing the
space-charge sheath at the interface between plasma and
surface. The sidewall passivation is repaired by further
cycles of deposition every few minutes. Though a very
successful basis for fabricating MST devices this
approach has a number of inherent limitations: sidewall
passivation involves relatively thick complex
hydrocarbon polymer films that are often difficult to
remove; the sidewall profile has a characteristic
scalloped edge linked to the multi-step procedure;
chamber walls accumulate polymeric coatings that are a
potential source of particulate contamination.

Fig 1 Plasma — source of
active species and ions
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2.2 Lateral (isotropic) etching

Etchant species can diffuse considerable distances
across a silicon surface before becoming chemisorbed.
This can fuel etching on sites not directly exposed to the
plasma. Observations of etch profiles, particularly the
persistence of sharp ridge shapes and of nature of
undercut immediately beneath the mask, indicate that
surface diffusion can be significant in the fluorine based
etching of silicon [3]. Figure 2 shows heavily undercut
features in silicon produced by an isotropic etching
environment that nevertheless fails to ‘polish’ the sharp
edges defined by the original mask.

Fig. 2 Silicon etched
under aluminium mask
(10x10 um) may show
necking — sketches
based on SEMs [3]
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The rate of lateral etching of polycrystalline silicon
exhibits strong aspect ratio effects on the submicron-
scale, indicating different surface diffusion rates for
different etchant species [4].

3. Controlling plasma etching

There are two approaches to controlling plasma-surface
interactions in an etching environment. One uses
chemistry; the other is based on control engineering.

The potential of atomic order control of adsorption and
reaction has been demonstrated by studying the etching
of silicon and related materials, atomic layer by atomic
layer [5]. The etching proceeds in a succession of steps
during which monolayers are chemi-sorbed and
subsequently removed by ion bombardment. The
growth of a monolayer is a self-limiting process that can
be revealed through studies of etch rate. This then
suggests a ‘sharper’ alternative to the switched etch
process described above, with monolayer chemi-
sorbtion replacing polymer passivation. Table 1 is a
summary of adsorbent species and plasma gases used by
Matsuura [5] for the etching of silicon using this
approach. Sidewall passivation by these self limiting
processes exploits atomic scale phenomena and is
accordingly simpler, faster and capable of achieving
finer scale features.

MST devices require considerable quantities of silicon
to be removed by plasma etching. The rate of etching is
determined by the concentrations of the species
involved (e.g. atomic fluorine and various bombarding
ions). Thus there is a demand for denser plasma sources.
At the same time the electron temperature in the plasma
affects the relative amounts of the active species that are
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created. Accordingly, a versatile source would have
independent control over plasma density, the
distribution of electron energies and the energy of ion
bombardment. A way of coping with a
multidimensional space for process parameters is to
employ ‘intelligent’ optimization and control.
Diagnostic data obtained in-situ, can be fed back to an
Artificial Intelligence (Al) platform that controls the
processing plasma. Recently this approach has been
used to map the operational parameter space in terms of
ion bombardment flux and energy [2]. The Al control
has been mostly rule-based (including the application of
fuzzy logic to achieve multi-variable control). More
recently tuning and optimization has been done using
the methods of genetic algorithms, simulated annealing,
and differential evolution. These are all based on the
idea of searching a parameter space to find an optimum
or near-optimum, avoiding the local optima while not
having to search exhaustively the whole parameter
space.
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(4]

[5]

Adsorbant Plasma | Remarks

Cl radical Ar/Cl, 1/2ML etching for (100),
depends on orientation

Cl, molecule | Ar/Cl, 1/4ML etching for (100),
depends on orientation

N radical N, ~2ML nitridation

N ions N ~4ML nitridation

Table 1. Typical self-limiting conditions for plasma
monolayer (ML) silicon etch processes established by
Matsuura et al.
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Abstract: Plasma immersion ion implantation has been attracting the interest of research groups around the
world over the last two decades. The technique has been developed to the stage where it is a well-established
technique for a number of materials processing applications, such as plasma nitriding. Recent research has
Jocussed on developing the method for a range of new  applications, including stress regulation, surface
treatment of insulators and complex shaped workpieces. The state of development of these new and
technologically important applications will be discussed in this paper.

1. Introduction

Plasma immersion ion implantation (PIII) was first
investigated in the late 1980s as an alternative to
extracted ion beams for achieving ion implantation of a
workpiece [1,2]. The advantages were identified to be
the high flux of impinging ions and the conformal
nature of the implantation, which reduced the need to
rotate the workpiece during treatment. PIII utilises the
application of short, high-voltage pulses to a substrate
immersed in a plasma from which ions are drawn across
a high voltage sheath and implanted into the substrate
surface. As a competitor to beam line methods, PIII also
has some disadvantages. These include difficulties
accessing very high ion energies due to electric
breakdown occurring across the plasma sheath and the
larger energy spread of implanted ions, including a
considerable proportion of low energy ions. The low ion
energies are due to the finite rise and fall times of the
high voltage pulse. Recent simulation work on the
sheath dynamics has shown that the major low energy
ion contribution is due to the pulse rise-time despite the
fact that it is usually shorter than the fall-time[3].

PIII can also be applied during film deposition to
modify the properties of the film during growth [4,5,6],
most importantly the intrinsic stress and preferred
orientation or texture. In the first section of this paper
we present some of the recent findings of our group
pertaining to the reduction of stress in growing films.
Although it is straightforward to apply a voltage directly
to a conductive workpiece, the treatment of insulators
with P11 is complicated by the dielectric response of the
workpiece and the build up of charge on its surface
during the implantation process. Our recent studies of
these phenomena and ways to avoid or reduce their
effects are presented in the second section of this paper
with a focus on the sheath dynamics. The extent to
. which a PHI surface treatment is conformal depends on
the behaviour of the plasma sheath around it.
Difficulties can arise when treating complex shaped
workpieces, particularly those with curvatures of small
radii such as sharp points or edges. The last section of
this paper discusses the sheath behaviour leading to
these difficulties.

2. Stress regulation

Plil, when applied during a physical vapour deposition
(PVD) process, has been shown to significantly reduce
the level of intrinsic stress in the growing film[6]. Our
recent experimental results show that this effect is
observed in carbon, titanium nitride and aluminium
nitride systems (i.e. in all of the materials we have
studied to date) deposited using a cathodic arc plasma.
Because this group of materials contain a variety of
microstructures, including crystalline cubic and
hexagonal, as well as amorphous microstructures, we
believe that the observed reduction in stress is a
universal phenomenon which could be applied to all
films deposited using PVD processes. Stress relief is
observed for pulse biases exceeding approximately 500
eV in the materials we have studied.

Figure 1 shows the relationship between the pulse
voltage — frequency product and the intrinsic stress in
thin films of carbon. The pulse length was kept at 20 ps
throughout this series of depositions, while the pulse
bias was varied between 1.7 and 20 kV. Pulse
frequencies of 200, 800 and 1200 Hz were used.
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Figure 1: Film stress in cathodic arc deposited carbon treated
with PIII during deposition, plotted against the pulse bias
voltage-frequency product.

The majority of the points from all data sets (200, 800
and 1200 Hz) lie on a curve given by the fitting function




y=117.29x"%"7 where y is the value of residual stress
in GPa and x is the Vf product. The curve shows that
when Ff'is low, increases in ¥/yield large increments of
stress relaxation. As Vf increases, increments of stress
relief achievable from further increases in Vf are
progressively smaller. This can be attributed to the fact
that once a significant portion of the film’s volume has
been treated with thermal spikes (small heated volumes
surrounding the impact sites of the high energy ions),
the effectiveness of subsequent splkes is reduced. As the
density of treated surface regions increases, incoming
impacts have a non-negligible probability of
overlapping with a volume already relaxed by a
previous thermal spike. This issue of thermal spike
overlap has been discussed in detail and an upper bound
for its value has been estimated numerically in a
previous paper [6].

3. Insulators and complex shapes

PIII treatment of insulating materials such as polymers
has attracted much interest in recent years. Polymer
surfaces can be hardened and made more wear resistant
by ion implantation. They may also be coated with
metallic thin films. The use of PIIl during the film
deposition dramatically improves adhesion of these
ﬁlms to the polymer substrate.

The insulating nature of the substrates, however,
introduces additional difficulties to the P11l process. The
dielectric properties of the substrate determine the
voltage that initially appears on the surface in contact
with the plasma for a given applied bias voltage. As
ions are implanted into the surface it charges positively
further reducing the voltage on the surface. This
reduction in voltage on the surface throughout the
duration of the bias pulse leads to a gradual collapse of
the sheath and progressively lowers the energy of the
ions implanted.
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Figure 2: Time for sheath to collapse down to'5 mm as a
function of the cathodic arc plasma density at an applied
bias of 5 kV as measured by a Langmuir probe.

We have used small Langmuir probes to measure the
sheath collapse under a variety of cathodic arc plasma
and PIII pulsing conditions. The probe tip was biased to
+90 V so that it drew a steady electron current when
immersed in the plasma and ceased to draw current
when positioned in the electron depleted sheath region.
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To investigate the effect of plasma density on the
collapse of a sheath around an insulator we placed the
probe inside the sheath (5 mm from the substrate
surface) and measured the time it took for the sheath to
collapse back past the probe for a range of plasma
density values. The measured data is plotted, in Figure
2, shows that as the plasma density is increased the time
for the sheath to collapse decreases. This indicates that -
the PIII treatment of insulators is best conducted in
plasmas of fow density while keeping the applied bias
pulse length as low as possible. Because of the finite
rise time of the pulse, the use of shorter pulses coupled

'with the influence of surface charging will enhance the

energy spread and low energy ion proportion in the
treatment of insulators as compared with conductmg
substrates.

Practical workpieces such as tools and medical
components present further difficulties due to their
intricate shapes, particularly associated with points and
corners. The equilibrium sheath width in these locations
is smaller, making these points more susceptible to
electric breakdown. lon focusing effects also occur
making treatments at corners inhomogeneous. These
effects need to be better understood and accounted for
in further development of practical PIII processmg
methods.

4. Conclusion

Since its introduction two decades ago, Pl has been
shown to be a versatile technique for the surface
modification of materials. Aside from its use to for ion
implantation, in combination with PVD methods such as
cathodic arc deposition, it yields good quality thin film
coatings with greatly reduced levels of intrinsic stress
and excellent adhesion. There are difficulties associated
with the behaviour and dynamics of sheath that occur
when employing PIII with insulating substrates and with
substrates of complex shape. An  improved
understanding of the evolution of the sheath will enable
the selection of optimum process parameters on a case
by case basis. ,

5. References

[1]  JLR.Conrad, J.L. Radtke, R.A. Dodd, F.J.
Worzala, Journal of Applied Physics, vol. 62,

p. 4591, 1987.

[2] J. Tendys, 1.J. Donnelly, M.J. Kenny, J.T. A
Pollock, Applied P/1yszcs Lettels vol. 53, p.
. 2143, 1988.
[3] D.T.K. Kwok, M.M.M. Bilek, D.R. McKenzie
and P.K.Chu, Applzed Physics Letters, (in
; press) 2003.
[4] 1. G. Brown, X. Godechot, K.M. Yu, Applled
Physics Letters, vol. 58, p. 1392, 1991.
[5] A. Anders, Surface & Coatings Technology,
vol. 93, p. 157, 1997.
[61 - M.M.M. Bilek, D.R. McKenzie, R.N. Tarrant

S.H.N. Lim and D.G. McCulloch, Surface &
Coatings Technology, vol. 156, p. 136, 2002.



Topic 4

Coronas, sparks, surface discharges and high-pressure glows




am 01

Analytical and numerical studies of non-stationary corona in long air gaps
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The properties of a non-stationary corona in which the front of space charge has not bridged the
gap are studied analytically and numerically for different one-dimensional geometries. It is shown
that an analytical theory is applicable for describing the development of the non-stationary
corona at any shape of applied voltage. The characteristics of a non-stationary corona differ
greatly from those of a stationary corona. For the same applied voltage the current of non-
stationary corona can be much higher than the current under steady conditions. The effect of
aerosol ions on the properties of a corona near a grounded object is numerically studied under

thunderstorm conditions.
1. Introduction

A non-stationary transient regime of a corona discharge
(when the front of space charge has not bridged the
gap) is initiated in any laboratory non-uniform gap after
the voltage application. This regime is of particular
importance under natural conditions when corona is
ignited near the top of a high grounded object or near
other extremities (tips of trees, bushes, grass, etc.) in
the thundercloud electric field. It has been shown [1]
that the corona space charge hinders the initiation of an
upward leader from the object top and consequently is
favourable to the protection of the object against
lightning.

The purpose of this work is to analytically and
numerically study the main characteristics of a non-
stationary corona for different one-dimensional
electrode configurations (concentric spheres, coaxial
cylinders and emitting plane).

2. System of equations

A corona discharge is described by the balance
equations for the density of charge carriers and
Poisson’s equation. The boundary condition is that the
electric field near the coronating electrode is equal to
the corona onset field. In addition, we use the condition
that the voltage drop along the discharge gap is equal to
the applied voltage U().

3. Results obtained

In a non-stationary case, there exist an exact analytical
solution for one-dimensional electrode geometries and
on assumption that the discharge current is time-
independent [2]. (This is valid only for a certain
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voltage shape.) A generalization of this analytical
approach to any voltage shape has been given in [1].

By using this approach to describe a non-stationary
corona between concentric spheres with inner radius ry
and outer radius R, we obtain the expression for the
discharge current
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Here, y is the ion mobility. Equation (1) is valid for ro
<< R << Rq, where R is the radius of the space charge
front.
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Fig. 1. The ion cloud radius R and corona current i
calculated (solid curves) numerically and (dashed
curves) analytically, respectively. ro =1 cm, Ro = 10°
m, U,=1MVand 7=10s.




The analytical approach used was verified by
comparison with the results of a computer simulation.
Figure 1 shows that the approximations used in the
analytical theory introduce an accepted error.

Our analytical and numerical study shows that for the
same applied voltage the current of a non-stationary
corona can be much higher than the current of a
stationary corona. Figure 3 shows a transition from a
non-stationary corona between concentric spheres to a
stationary regime. The current was numerically
calculated for various rise times of the voltage, t. The
shorter is #; the higher is the peak current.
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Fig. 2. The transient corona current in the gap between
concentric spheres for 1y = 1 cm and Ry = 5 m. The
voltage rises linearly up to 300 kV at 0 <1 < f,and is
constant at 1> 1.

Expressions similar to (1) were obtained also for the
case of coaxial cylinders and for the case of an emitting
plane. (The latter one simulates a corona ignited in a
thundercloud electric field near tips of trees, bushes or
buildings distributed over a large area of the earth
surface.)

The analysis of the results shows that the dependence
of the current of a non-stationary corona upon the
mobility y1 of charge carriers is weaker than that of the
current of stationary corona. For a well developed non-
stationary corona and at a given instant, we have i ~'”2
for spherical electrodes, a weaker dependence (i
~In(u'?)) for coaxial cylindrical electrodes and no y -
dependence for plane electrodes.

For each electrode geometry there exists a critical
shape of applied voltage (or that of the external field in
the plane case) at which the corona current is time-
independent. This occurs at U ~ 1'* in the spherical
case and at £y ~ ¢ in the plane case; the cylindrical case
is intermediate between the spherical and plane cases.
If U increases in time faster, the corona current also
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increases; if U increases slower, the current decreases
in time.

The density of corona current from coronating earth’s
surface is controlled by the evolution in time of a
thundercloud electric field above the space charge layer
rather than by electric field at ground level.

4. Effect of aerosol ions

The characteristics of a corona discharge initiated in a
thundercloud electric field near grounded objects can
be effected by the formation of aerosol ions [3]. In
order to estimate the effect, we numerically simulated
the properties of a non-stationary corona developed
from an isolated spherical anode of radius r, = 10 cm
by taking into account aerosol ions. Our kinetic model
for ions was similar to that used in [3]. Figure 3 shows
the calculated radial distributions of the densities of
light and aerosol ions at = 60 s when the ion cloud
radius reached 120 m. Aerosol ions are important only
at large distances from the electrode at which the total
ion density drops down to the initial density of neutral
aerosol particles, N,y ~ 10° cm™,
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Fig. 3 The radial distributions of the densities of light
and aerosol ions around a solitary sphere of radius 10
cmat 1 =60 s. The voltage rises linearly up to 4 MV for
30 s and is constant at /> 30 s.
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Non-stationary corona around multi-electrode system in external electric field
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A non-stationary corona in which the front of space charge has not bridged the gap is studied by
considering a multi-electrode equipotential system in an unsteady electric field. Onset electric
field and the evolution in time of discharge characteristics (discharge current, injected space
charge, etc.) are numerically calculated versus the distance between electrodes. Conditions are
obtained that corona near a real multi-electrode system can be simulated by charge emission from

a plane in an electric field exceeding some threshold.

1. Introduction

A corona discharge developed from a system of
closely-spaced equipotential electrodes occurs under
natural conditions (point discharges at the tips of trees,
bushes, leaves, grasses and other sharp objects under
thunderstorm conditions) and in engineering practice.

A plane which emits ions in an unsteady external
electric field exceeding some threshold, £y ., can be
considered as a limiting case of a real plane system
with numerous identical coronating points. Such an
emitting plane has the following unique properties. (i)
The current density through the plane, j, is controlled
only by the rise rate of an external electric field Eq (j =
£0Ey/0t, where & is the gas permittivity) and is
independent of the ion mobility. (ii) Space charge
injected into the gap from a unit plane area cannot be
higher than 6,,,,=€E ,uux» Where Ep ., is the maximum
external electric field. (iii) Due to charge injection, the
electric field on the plane is maintained at a constant
level equal to the onset threshold £y ..

The purpose of this work is to determine conditions
that a corona ignited near a real multi-electrode system
in an unsteady external electric field behaves similarly
to an emitting plane.

2. Computer model

A large number (>5000) of identical electrodes are
assumed to be uniformly distributed over a conductive
plane. Each electrode, being a grounded hemisphere of
radius ro, is placed at height # above the plane. The
distance between adjacent electrodes is D. The effect of

the charge of grounding conductor is neglected in -

calculating the electric field and corona characteristics;
that is, the conductor is assumed to be infinitely thin. A
corona is ignited in a uniform electric field Eq(7).

The discharge is described by the balance equations for
the ion densities and Poisson’s equation. The boundary
condition is that the electric field near the coronating
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surfaces is equal to corona onset field. Light molecular
ions and aerosol ions are considered; their mobilities
and rate of ion conversion are taken from [1]. The
initial density of neutral aerosol particles is assumed to
be 10° cm™,

Our calculations include two steps: the determination of
onset external electric field and calculation of corona
characteristics.

3. Conditions for corona ignition

The external electric field E, ., in which a corona is
ignited near the electrode tops depends on the ratios
hlry and D/h. Our calculations show that the onset field
Ey .o for the multi-electrode system is close to that for
the solitary electrode at D/A>2. The value of E;
increases as the distance between electrodes decreases.
This is explained by a screening effect of the charges
located on adjacent electrodes. As a result, the onset
field triples at D/h = 0.25.

4. Results

An external uniform electric field E, above the plane is
assumed to rise linearly with a rate of 0.9 kVm’'s™ from
an onset field of Eger = 2.1 kVm™ for 0 < £ < 20 s and
is constant for ¢ > 20 s. Figure 1 shows the evolution in
time of the corona current from a given electrode in the
system for # = 10 m, r, = 5 cm and various D. Each
curve is normalized to its own maximum corona current
Ly =i(t=205).

In the case of a solitary hemispherically tipped
electrode, the current of non-stationary corona must (i)
increase linearly with time when E, rises linearly with
time and (i) decrease as i ~ 2 when E, is time-
independent [2]. In figure 1, curve 1 shows that, at
large ratios D/h, each electrode in the system behaves
as a solitary electrode. In a multi-electrode system with
small values of D/h, the corona current must (i) be
constant when E, rises linearly with time and (ii)




decline steeply down to zero when E; is constant.
Figure 1 shows that our calculations for small D/k
correlate well with such an evolution in time of the
current. Here, the calculated current rises only in the
beginning until the ion clouds developed from
individual electrodes unite into one common space
charge layer. At intermediate D/h, the curves also
behave in an intermediate way.

Fig. 1. The evolution in time of the corona current from
a given electrode in the system with D/h = (1) §, (2) 3,
(3) 2, and (4) 1. The values of /,,, correspond to 0.88;
3.53,7.55; and 14.5 pA, respectively.

It is known that the injection of space charge into the
gap leads to the electric field stabilization near a
coronating surface. The same effect is likely near the
plane covered with a large number of electrodes once
the individual ion clouds have united into one plane
space charge layer.

Figure 2 shows the evolution in time of the electric
field on the plane under a given hemispherical
electrode for various D/h. The front of space charge
developed from any electrode tip covered distances of
35-40 m for 20 s. The electric field on the plane has not
stabilized for D/h = 5, whereas this field stopped to rise
and was close to E, ., already at ¢ > 3 s after the
corona ignition for D/h = 1. Hence it follows that,
under thundercloud conditions, the measurement of the
electric field on the ground surface covered with
numerous coronating points provides an information
about the onset threshold for such a multi-point system
rather than about the electric field strength of a
thundercloud.

Unlike the case of a steady corona, the current of non-
stationary corona is not proportional to the ion mobility
M. The more non-uniform is the undisturbed electric
field in front of the expending space charge cloud the
stronger is the effect of 1. For instance, an increase in p
by a factor of four must (i) lead to doubling the current
in the case of a solitary spherical electrode [2] and (ii)
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Fig. 2. The evolution in time of the electric field on the
plane under a given hemispherical electrode for D/h =
(1)5,(2) 3, (3) 2, and (4) 1. The curves correspond to
the same conditions as those in Fig. 1.

affect the current of a multi-electrode system only in
the beginning of the process until the individual ion
clouds unite into one space charge layer; thereafter, the
current is independent of 1 (j =e,dE/dt). Consequently,
the effect of y can vary in time, in agreement with
results given in figure 3 which shows the ratio of the
calculated corona currents at 4 = 6.0 and 1.5 cm?V''s™.
The calculations were made for a solitary electrode and
the electrode system with D = 10 m.
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Fig. 3. Ratio of the calculated corona currents at pu =
6.0 and 1.5 cm’V's™. The calculations were made for
(1) a solitary electrode and (2) the electrode system
withD=5m.
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A pulsed corona discharge of positive polarity, in multipoint-to-plane
configuration was studied. The distance between pins was optimised
for obtaining maximum discharge current at a given voltage. At
constant voltage the frequency and amplitude of the current pulses are
controlled by a self-triggered spark-gap switch.

1. Introduction

Corona discharges are non-thermal, chemically
active plasmas, which receive considerable attention
both in connection to their numerous applications [1],
and also from a theoretical point of view [2,3].

The present investigation of a pulsed positive corona
in multipoint-to-plane configuration is concentrated
especially on the influence of the geometry and
electrical circuit on the discharge characteristics.

2. Experimental arrangement

The experimental arrangement is shown in Fig. . In
a cylindrical discharge chamber, the high voltage
electrode, consisting in an array of tungsten pins, with
100 um tip diameter, is placed at approximately 40 mm
above a grounded circular grid.

HV R,=5kQ SG
+°—"{: _I_ D

40
c
TE*O

R2=SOQ

HYV probe

L

Fig. 1. Experimental set-up

The voltage generator supplies up to 30 kV, charging
the capacitor C = 1 nF, which is discharged by means of
a self-triggered spark-gap switch (SG). The discharge
voltage was measured by a high voltage probe
(Tektronix P6015, R,=100MQ) and the discharge
current was determined from the voltage fall on a 50 Q
resistor in series with the grid electrode. The voltage
and current waveforms are monitored by an
oscilloscope (Tektronix TDS 320). The radiation
emitted by the plasma is collected by