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FOREWORD

This volume is the fourth of five volumes which contain contributed papers that
were accepted by the Local Organizing Committee of the XXII ICPIG for
presentation in poster sessions. These papers are to be listed in the INSPEC data

base.

The contributions were submitted in camera-ready form by the authors.
Therefore, the responsibility for the contents and the form of the papers rests

entirely with the authors.

The first four volumes have been arranged by topics, the sequence of which
corresponds to that of the respective poster sessions. The fifth volume is
comprised of ’late’ papers, those for which the authors registered after the deadline
for printing of their papers.

The texts of the invited talks are to be published shortly after the conference in a

special issue of Journal de Physique.

The editors would like to acknowledge the contributions of Mrs L. Fourmeaux,
Mr J.M. Barachet and Mr J.P. Chaucheprat in the preparation of these volumes.
The computer file of contributed papers and authors was prepared by C. de Peco,
and her careful execution of this task is gratefully acknowledged.

April 1997 The Editors

For additional copies of this publication, please contact :
M.C. Bordage, CPAT, Universit€é Paul Sabatier, 118 Route de Narbonne, 31062
Toulouse cedex 4 France

Printed in France, in the Université Paul Sabatier of Toulouse , 1997
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The effect of relativistic runaway electron avalanches on x-ray modulation
inside thunderstorm.

L. P. Babich’, I. M. Kutsyk®, A.Yu. Kudryavtsev"*
‘Russian Federal Nuclear Center-VNIIEF
“"Department #4 of Moscow Physics Engineering Institute.
Sarov, 607190, Region of Nizgnii Novgorod, Russia.
Phone: 7-831-30-15041.E-mail: babich@expd.vniief.ru.

1. Introduction

McCarthy and Parks have reported results of flight
measurements of x-rays carried out inside a space
domain of a thunderstorm electric field [1]. They have
detected up to 1000 fold enhancement of x-ray flux
over the background value when their plane entered
thunderstorm cloud. The measurements were arranged
so as to eliminate any possible effect of
electromagnetic disturbance caused by thunderstorm
electromagnetic  activity, on a detector used.
Production of the enhanced flux terminated coincident
with a lightning discharge. To treat the origin of this
phenomenon the authors have attracted an idea that
large-scale thunderstorm electric field increased the
range of high-energy electrons of the megaelectronvolt
domain and thus increased the production of
bremsstruhlung [2]. These electrons are permanently
generated by cosmic ray showers and by the decay of
airborne radionuclids. Lightning discharges terminated
the acceleration of electrons due to thundercloud
voltage collapse. McCarthy and Parks have carried out
calculations results of which occurred 8 times lower
the observed enhancement. Some additional reasons
attracted by the authors to reduce the discrepancy, were
not successful. In the present communication an
attempt is undertaken to resolve the divergence. The
adequate calculations were based on the hypothesis of
relativistic runaway electron avalanching process in a
rather weak (in comparison with the conventional
laboratory self-breakdown value) thunderstorm electric
field. The hypothesis was proposed and substantiated
by Gurevich, Roussel-Dupre, Milikh, and Tunnel [3,
4]. The intensity of the electric force eE to be over the
relativistic minimum of electron energy losses per unit
path L, was proposed as a criterion sufficient for the
relativistic avalanche to develop. The minimum is in
the vicinity of electron energy £~ 1 MeV. A dimension
of a space domain where the above criterion is to be
met, should be very much longer than the characteristic
length necessary for relativistic electron number
increase due to ionizing collisions of runaway electrons
with air molecules. The last demand is analogous to the
conventional avalanche of low energy electrons.
Exactly the enhancement of the penetrating radiation
inside thunderclouds observed by McCarthy and Parks,
was an experimental basis of this promising hypothesis

able to push forward the physics of electric phenomena
related to thunderstorm activity.

2. Model

The simplest model of thundercloud electric field was
used in our calculations. The negative charge ¢ = 30
coulombs of the lower part of the cloud was supposed
to be homogeneously distributed within a sphere with a
radius / km at the height 5 km. The enhancement of x-
rays relative to the background was factorized as K =
K 1xK>. Here Ky = L;/A; is the enhancement coefficient
due to the increase of high-energy electron range
considered by McCarthy and Parks, whereas by means
of K = exp(Lz/A¢) the avalanching of these electrons
was taken into account, with A, being a distance
necessary for e - fold relativistic avalanche
enhancement. The range of high-energy electrons in

" the atmosphere without electric field is designated as

A1, and L; is a dimension of the space domain adjacent
to the sphere with the field intensity £ > Lmin/e, where
Lmin = 1 keV/cm is the relativistic minimum of electron
energy losses per unit path at the height 5 km [2, 3).
Under the conditions chosen (pressure 0.5 arm and
electron energy ¢ = I - 2 MeV), we estimated values L;
2 650 m and A; = 10 m to obtain K; = 65. To
characterize the intensity of the external electric field
an “overvoltage” & = eE/Lypin over the minimum Ly, ~
1 keV/cm is convenient to be introduced [4]. The
avalanching was supposed to take place within the
space domain with the dimension L, = 350 m along the
field vector, where” & € [1.5, 3]. At larger distances
from the sphere the avalanching rate is too low due to
small values of the “overvoltage” & realized there. To

- simplify calculations a homogeneous electric field with

an average <6> = 2 was adopted throughout the
avalanching space domain L.

3. Calculations and Results

For the purpose of the present study it was impossible
to use directly the results on the avalanche
characteristics calculated by Roussel - Dupre et. al. [4],
because the large-angle scattering of electrons was
discounted. We incorporated the elastic scattering in a
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Monte - Carlo code to investigate its effect on the
production of secondary runaway electrons. Only
elastic collisions of electrons were followed up
stochastically. Rutherford elastic scattering cross
section with Molier shielding parameter [5] was
adopted. Along the path between neighbor elastic
collisions electrons were assumed to move under the
joint action of accelerating electric -eE force and
decelerating friction force -F(glxp/p, where the
elementary electric charge e > 0, p is the electron
momentum and F(g)=L(g) was calculated from Bethe
formula [6] available as well at {4]. By means of the
friction force total average energy losses of electrons
due to inelastic interactions with atomic particles of a
background gas were taken into account. The runaway
energy threshold &y, = 600 keV calculated for the
‘overvoltage” & = 2, appeared to be a few times above
the value obtained by Roussel - Dupre et. al. [4]. We
used 600 keV as a lower limit to integrate Moller
differential ionization cross section agjr [7] used also
by Roussel - Dupre et. al. [4], and to calculate the total
ionization cross section o; for the production of
secondary runaway electrons

€0/2

Gi(SO’Smin)= chif(eago)ds-

€ min

It allowed to evaluate the avalanching length 1, =
1/Noj = 120 m, the enhancement coefficient due to the
avalanching of relativistic electrons K7 = 20, and the
total enhancement coefficient K = K;xK) = 1300. The
last value is in a reasonable agreement with
observations reported by McCarthy and Parks [1].

4. Conclusion

In spite of our calculations are approximate, they are
very illuminative in regards to indicate that
development of relativistic runaway electron
avalanches is to be taken into account to treat correctly
the observed x-ray modulation within the space domain
of thundercloud electric fields. It is possible to improve
the accuracy of simulations provided that an
information on the absolute field intensity distribution
would be available from observations of McCarthy and
Parks [1]. Both L; and A, depend very much on the
intensity and spatial extension of a specific
thunderstorm electric field so that the accuracy of the
available information on the field strongly affects the
results of calculations. The agreement between the
results of present calculations and of the observations
carried out by McCarthy and Parks, strongly supports
the hypothesis of Roussel-Dupre, Gurevich, Tunnel,
and Milikh on the possibility of relativistic runaway
electron avalanches to develop within the space
domain of relatively weak large-scale thunderstorm
electric fields [3, 4].
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1. Introduction

The numerous studies of breakdown stages in air and
otherdensegasesstr&ssedbythedirect,power
frequency and impulse high tensions have resulted in
data related to the dielectric-conductance transition
intricate events and a lot of the alternative breakdown
models were developed /1-3/. The identification of the
discharge nucleation and propagation mechanisms for
avalanche-streamer, streamer-leader, return and final
(impulse arc) stages was the main objective of the
investigations. However, it may be stated not only
significant achievements of those investigations by
inductive method commonly used but the necessity of

the further deductive approach. The physical concept of

definite generality to realize the electrical breakdown
phenomena can be formulated in accordance with the
similarity to detonation and deflagration of combustible
gases (DD-analogy) /2,8,10-12/. Such a concept had
been applied to the HF and optical discharges /4/. For
the first time the idea was promoted by E.P.Velikhov
and AMDykhne as to the impulse arc channel
expansion in rarefied noble gas /5/. The electrical
breakdown as a problem of reactive systems theory in
scope of DD-analogy concept is considered here.

2. General properties of ionization waves

The numerical modeling results of ionizing waves
being related to the initial streamer and final impulse
arc breakdown stages reveal the most attributive feature
of thin boundary ionization zones, fig.1,2. The
experimental data on the discharge radiation front
structures and the calculations reasonably coincide to
each other /6,7/.

The identical Arrenius form of ionization and
combustion rate functions is sufficient for the statement
above. The sharp exponential dependence on the
temperature or electric field leads to the interruption of
the ionization process even with a small lowering these
parameters. That is why the reaction zone and products
(deflagrated gas or discharge plasma) temperatures are
practically equal to each other, the propagation
mechanism directly determining by the heat energy
conductance in similarity to combustion process.

3. Comparison of reaction properties

The general properties and peculiarities of the
exothermic chemical and breakdown plasma reactions
being tabulated in confrontation allow to evaluate the
adequacy of DD-analogy concept. )

Comparison of reactive fronts in propagation

Combustible gas deflagration and detonation

Breakdown plasma propagation

Reaction rate function*

F(T) ~exp(—A/RT)

F(T,,p) ~exp(-1/kT,);~exp(-1kT,)
~exp[-1/(E/c n)]

Propagation regime
Mechanism
Thermal conductance (diffusion) - deflagration; Thermal conductance (electronic, radiative,
heating by shock wave front - detonation; reactive);
spontaneous deflagration in divergent temperature heating by heat wave front;

fields

ionization in non-uniform electric fields

Peculiarities
Narrow reaction zone Narrow reaction zone
Threshold character of exotermic reaction with Threshold character of ionization reaction, Joule
chemical energy released energy dissipation proceeding
Effect of particle and particle energy losses on Effect of electron and electron energy losses on
regime limits ' breakdown characteristics

Flame front piston effect

Leader and impulse arc plasma piston effect
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Discrepancies

Constant caloricity of active chemical medium
No heating in products of combustion
Reaction front causes gas parameter perturbations

Time and space Joule energy function as a
caloricity of external electric field

Residual current Joule heating follows breakdown
plasma formation and propagation

* T- temperature, A- activation emergy, R- universal gas constant, E- electric field for avalanche-streamer
formation, 7, - free electron temperature, 7,- radiative heat wave temperature; / - jonization potential, o,- electron-

molecule collision cross-section, n- gas number density

Because of the caloricity of external electric field at
ionization front position is to be known for the solving
of hydrodynamic problem, the total problem involves
the electrodynamic problems for the multimedia
plasma-gas and plasma-plasma propagations and
interactions with electric field in self-consistent
formulation.

4. Conclusiop

In comparison with combustion processes the
breakdown plasma propagation is similar to
deflagration and detonation as to the reaction front
structures and the general heat wave mechanism of
energy transfer and plasma propagation. The
remarkable difference is appeared to consist of the heat
transfer function directly depending on the local and
temporal magnitudes of electric field entering the
breakdown plasma. Therefore, the breakdown plasma
propagation problem should be related to the mechanics
of the reactive systems traditionally developed for the
combustion processes only.

The work has been carried out according to the project
"Fundamental theory of electrical discharges in
energetics” of Russian Joint Stock Company "EES
ROSSII". '
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1. Introduction

The analogy of the discharge plasma propagation and
chemical detonation and deflagration reactions in com-
bustible gases (DD-analogy) is to be accepted as the ge-
neral deductive idea in electric breakdown theory /1-8/.

2. Parameters of impulse arc plasma

By the methods of stark broadening and relative
intensities of spectral lines the space-temporal physical

* characteristics were obtained for heavy impulse arc in

air, fig.1. The plasma boundary 3-4 corresponds to the
steep temperature front, the channel expanding by
radiative heat wave mechanism /3-6/. In contrast to
weak time temperature dependence the electron number
density follows strictly the discharge current variations,
the data receiving by means of stark broadening
parameters of spectral lines NI/ 4427, 453,0 nm and

Hg 486,1 nm /2/. In accordance with well-known

streak-camera resolutions the shock wave front 1-2
leads plasma channel boundary, fig.2-a. In plasma 4 the
conditions of local thermal equilibrium are achieved, so
it is possible to come to light for the pressure p and

relative air density 8 having the temperature and
electron number density data simultaneously received.
Adiabatic-shell area 2-3 of shock wave is the region of
thermodynamic equilibrium as well, nevertheless the
electron number density in profile 2-3, fig.1, exceeds
significantly the equilibrium magnitudes due to
photoionization by channel radiation. Noticeable
pressure step is appeared to exist within plasma
boundary, the pressure decreasing from adiabatic
relatively cool area 3 to hot plasma 4 (p,/ p3)(1. Due
to great excess of the plasma pressure over the external

air pressure (pg/p))))l and low gas density

(ng /n3,m X1 the boundary 3-4 creates the gas
velocity head in adiabatic area 3-2 and front 1-2 of

shock wave. Pressure step Ap;_4 causes the neutral gas
flow into the plasma, the temperature and ionization
extent decreasing and, on the contrary, electron number
density increasing. Therefore, the experimental data
show that plasma boundary is similar to the semi-
transparent piston likely to the property of flame front
propagating in combustible gas /9/.

According to the heat wave model the radiation energy
flux is absorbed by the cool gas in adjacent narrow

layer, the gas heating up to the ionization temperature
and then Joule energy of the discharge current
dissipating to reach the plasma channel conditions /3/.
Then energy balance equation is reduced to the quasi-
stationary condition

v(kvT)=Q, m
where K- radiative thermal conductivity, Q- Joule
power dissipation. The solution of equation (1) leads
to the known formula for the velocity of flame front /9/
and allows to obtain relations in quasi-stationary
approximation for the impulse arc channel radius,
expansion velocity, pres-sure, density, temperature and
active resistance /10/. The self-modeling results give
the space-temporal relations for the impulse arc
gasdynamic parameters as well /4,5/. For the practical

calculations (normal density p; =1, 29-1073 glcm3) it
may be applied:

ry =9-10 27 USV3V2 _ 9 1072 R V3;56;:V2

Ty =2.62-104 K, 13 V612

Pa =02 i—032ir0.56 (kl = 1) ,

Ry =0.354%7¢0 (k, =1),
where i=Atk- kA, I - arc length, cm, ¢ - ps, ry -

cm, Ty- K, py- MPa, R4 - active resistance, Q2. The
same method leads to formulae for the impulse arc in
water /11/. In difference with the channel radius
formula by Braginsky /12/ the expression above are
applicable for any power parameter k; in discharge
current approximation.

3. Impulse arc detonation and deflagration
stages '

It is known the impulse arc is accompanied by the
shock wave (front 1-2) propagating in a gas medium 1,
Joule energy dissipating within the boundary plasma-
gas layer 3-4 in the wave tail of adiabatic-shell area 2-
3, fig.2-a. Hugoniot adiabats H,_4(Q')Q’')Q""") and
the transitions from gas initial state 1 to the plasma
final conditions 4',4'*,4'"" are shown in the diagram,
fig.2-b. There are two types of transitions. The first
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corresponding to initial arc stage 0<1<t, presents

the direct transitions 1-4’, 1-4'', the last in Jouguet
point J. It' may be observed the "overpressed
detonation™ according to the transition 1-4'of cool gas

particles (p;,7;) through the heat wave front with
heating and compression (p4Vs: ), the normal Jouguet
point J regime approaching the moment ¢;. Later on
(t2t4) the transitions 1-2-3-4"" occur by the
shock wave front compression (2) according to shock
Hugoniot adiabat H, , expansion in adiabatic-shell
area (2-3) and rarefaction in plasma channel

(3-4""") like a deflagration transition. The diagram
demonstrates the impulse arc gasdynanic regimes in
sequence of detonation and deflagration stages
secondary to energy input decrease as a function of time

(dashed line 4'—4'"(J)-4'""). It is possible to make
the definite predictions in qualitative analysis and
interpretation of breakdown impulse arc properties by
theoretical angl experimental methods received.

4, Conclljsions

The impulse arc channel is an appropriate illustration
of gasdynamic similarity to the regimes of detonation
and deflagration of combustible gases previously
successfully studied. The DD-analogy approach enables
to make clear and simple solutions to the complicated
problem of electrical breakdown of gases.
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Fig. 1. The radial profiles of impulse arc parameters:

T - temperature, n, - electron number density, p -

pressure, 8=p/p, - reduced air density (p,=1.29 10° g/cm’).

The air gap length - 50 cm, current crest value - 25KkA,

time to crest - 19 us, registration time - 4 us [2].
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Fig. 2. A - The cylindrical shock wave (1-2) and impulse
arc channel (3- 4) fronts radial expansions;

B - Hugoniot adiabates of plasma states ( .4 ), shock
wave ( Hsh ) and transsitions from the normal state 1 to
the plasma states : 1-4', 1-4" (J) ("detonation"), 1-2-3-
-4™ ("deflagration "), /P - pressure, V - specific volume.
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Positive-streamer phenomena in positive and negative
point-plane gaps in hydrogen

J. Kadelgik, V. Surda, A. Zahoranova and M.Cernak
Faculty of Math. and Physics, Comenius University, Mlynsk4 dolina F2, 842 15 Bratislava, Slovakia

1 Introduction

Negative corona discharge burning in regime of Trichel
pulses find widespread applications in applied
electrostatics. Apparently, from an application point of
view, it is particularly important that Trichel pulse
formation be well understood theoretically. Moreover, as
speculated in [1,2], studies of this particular discharge
phenomenon are particularly useful in helping to obtain a
fuller understanding of the development of cathode region
of high-pressure electrical discharges.

Our previous results [3-7] show persuasively that the
major issue in an understanding of the negative corona
pulse formation is whether the pulse current rise is
associated with the Townsend ionisation mechanism, or
whether it can be attributed to a streamer ionisation
mechanism. It has been hypothesised that the
characteristic Trichel pulse current shape is generated at
the arrival of a positive-streamer-like ionising wave at the
cathode [3-7]. If it is true, than it is realistic to assume
that the Trichel pulse has much common with the current
signal induced in a cathode probe hit by the primary
positive streamer in a positive point-plane geometry.

The objectives of this paper is to present an
experimental study on the negative corona current pulses
and positive corona prebreakdown streamers in hydrogen.
These results are an extension of our previous work [2-8]
and augment experimental basis for a general model for
the formation of an active cathode region at higher gas
pressures.

2. Experimental results and discussion

Discharges were generated in point-plane gaps with the
electrode spacing S. The point electrodes had radii of
curvature 1,= 0.5 mm and 0.05 mm for negative and
positive coronas, respectively. In the case of negative
corona pulses special emphasis was given on determining
the role played by cathode photoemission. To this end,
copper iodide, which has an exceptionally high
photoelectric yield, was used as an alternative cathode
surface material to copper. Current waveforms were
measured at the cathodes by procedure described in

details in [7,9] . The positive corona planar cathode had a
2-diam copper central probe. The measurements were
limited by the 100 MHz bandwidth of Iwatsu TS-8123
oscilloscope used.

Figure 1 shows current signal induced in the small
cathode probe hit by the primary positive streamer in the
positive corona gap. This current signal resembles close
that simulated for the streamer arrival at the cathode in
N, [8], and its interpretation is clear: The initial current
spike denoted by "A" is due to the displacement current
induced in the probe at the streamer approach. The
following current hump ("B") is due to conductive current
of incoming positive ions and corresponds to the
establishment of an abnormal-glow-discharge-type
cathode region.
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Fig.1 Current signal corresponding to the prebreakdown
positive streamer measured in the positive corona gap (S

. =5 mm) at 26.7 kPa and 2.8 kV

Note, that the streamer trace in Hj is very random and
experimental scatter in the waveforms like that in Fig.1 is
large. This is indicative of low cathode electron
photoemission during the streamer propagation.

A waveform of the first negative corona Trichel pulse is
shown in Fig.2. A current hump (denoted by *Y") on the
pulse trailing part, following the pulse peak ("X") in
some X ns, can be seen. Based on the streamer hypothesis
for the Trichel pulse formation the pulse shape in Fig.2
can be explain as follows: The initial current rise is due to
formation of a positive-streamer like ionising wave and
the pulse peak "X", similarly as the peak "A" in Fig.1,
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corresponds to a displacement current. The current hump
"Y* is due to conductive current of incoming positive
ions.
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Fig.2 Oscillographs of a complex negative corona pulse
measured at a pressure of 13.3 kPa and gap voltage of
3.62 kV. Time scales: (1) 50ps/div, (2) 5 ps/div (3) 500
ns/div, (4) 50 ns/div

It is noteworthy that at similar conditions, i.e.,
relatively low pressure and blunt cathode in many gases,
as for example N and air [1], Np+SFq [3], O5[10], CO
[5], and CO,[6], a current step on the pulse leading edge
due to cathode photoemission was observed. Such step,
however, was absent in hydrogen, which in agreement
with the above mentioned random motion of the streamer
in the positive corona gap, indicate low cathode
secondary photoemission there. :

An attempt was made to observe the step on the leading
edge of negative corona pulse in Hy using copper iodine
coated cathode surface, which has an exceptionally high
photoelectric yield. This gave the surprising result shown
in Fig.3 that no negative corona pulse was observed, but
the current grew exponentially to the breakdown.

_—

Current (0.05mA/div)

il
=

Time ( 100 ns/div)

Fig.3 Comparison of the current growth waveforms
measured at 3.3 kPa and 1.25 kV using: (1) Copper
cathode and (2) Cul-coated cathode
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Such discharge behaviour reminds that observed by
Korge in pure N, and can be explained as follows: The
common shape of the current waveform (1)
corresponding to a typical negative corona current pulse
and is due to the discharge development according to the
streamer mechanisms. The current peak is generated at
the arrival of the streamer to the cathode. The enhanced
cathode photoemission obstructed the streamer formation
and resulted in monotonous current growth that,
apparently, is due to the discharge development according
to the Townsend mechanism. This is in line with the
statistical theory of the transition between the streamer
and mechanisms [10]

3. Conclusions

i) The results provide further support for the positive-
streamer-based model for the negative corona current
pulses published in [2-7].

ii) The close similarity between the measured current
waveforms induced in a cathode probe at the streamer
arrival in Hy and those simulated for N in [10],
indicates that the mode! is applicable for a wide range of

gases.
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Temperature measurements by a spectroscopic method in high-density
nitrogen positive corona discharges

M. Nur, A. Denat and N. Bonifaci
Laboratoire d'Electrostatique et de Matériaux Diélectriques, C.N.R.S - J oseph Fourier University
BP 166, 38042 Grenoble Cedex 9, France

Introduction

Spectroscopic study of corona discharges is one way to
analyze the physics of these type of discharges. In
particular, measuring the discharge temperatures gives
access to information concerning the chemical reactivity
of the medium [1]. The different temperatures: electronic
Te, rotational Ty and vibrational Ty can be evaluated
from the spectral analysis of the light emitted by the
discharge [2,3,4]. Measurements of Te, Ty and Ty in
nitrogen at atmospheric pressure (or lower) have already
been published [3,4,5]. Rotational and vibrational
temperatures for negative glow discharges in very high
density nitrogen (up to 2.4x102! c¢m"3) have been
previously reported [6,7]. The aim of the present work
is to determine the temperatures of positive corona
discharges occurring in nitrogen at 295 K as a function
of density (in the range 7.4x1019-7.3x1020 cm'3) and
veltage by using the method desc:ibed in [6,7].

Experimental methods

The experimental arrangement has been described
elsewhere [8] and so, will only be briefly pointed out
here. The spectroscopic instrumentation is composed of
Spectrosil B lenses focusing the light discharge onto the
- entrance slit (25 um) of a HRS Jobin-Yvon
spectrograph. The slit can be used to select any part of
the light area localizéd at, say, X pum from the tip. The
spectrograph of 600 mm focal length is equipped with a
grating of 1200 g/mm and it is coupled to a photodiode
array detector. This detector, connected to an EG&G
optical multichannel analyzer, has a 200-850 nm
spectral range. In order to reduce the dark current, the
detector was cooled to a temperature of -40°C. The
nitrogen gas (N60 from Alphagaz) was further purified
by passage over oxygen and moisture traps [9]. We used
in this work a point-plane distance d equal to 9 mm and
a point radius of 5-10 pum.

Results and discussion

In all the studied density range, the spectra of positive
corona discharges in very pure nitrogen consist of the
second positive system (2s*, C3[1y--B[1), the first
negative system (1s-, BzEu*--XZZg*') and, with a weaker
intensity, the first positive system (1s™, B31'Ig-A3E+g)
of No.

Assuming that the population of the molecules in the
upper electronic state follow a Boltzmann distribution,
Tr and Ty can be evaluated from a comparison of
experimental and simulated spectra of vibrational bands
of a given transition (e.g. Av=-2 of 2s*), taking into

account the measured instrumental function. The
temperatures are determined by minimizing the surface
delimited between experimental and simulated spectra
[6,7]. Here, Ty and Ty are given for the excited C3I1y
state.
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Fig. 1.T; and Ty as a function of the position X. The tip is
at X=0. N = 3.6x1020 cm=3 and I = 6 pA.

An example of the variations of Ty and Ty with the
distance X from the point, for-a positive corona
discharge at a constant value of the current, is given in
fig. 1. Whatever the density, the values of Ty and Ty are
independent of the position along the discharge region.

We have also determined Ty and Ty as a function of the
nitrogen density, for a discharge mean current of 4 pA
and, at a X value where the emitted light is maximum

(fig. 2).
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Fig. 2. Density dependence of Ty and Ty.

As shown in fig. 2, a reasonable agreement is observed
between our results for Tr and the values of Ty obtained
by Hartmann [5] for a régime of positive streamers in
air at atmospheric pressure. Moreover, Ty and Ty both
increase slightly with density. Fig.3 shows Ty and Ty as
a function of the discharge current for a given density.
These temperatures also increase slowly with the
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current, e.g. for N=2.4x1020 cm-3 and I=1 and 7 pA,

Ty=1400 and 1500 K and Ty=400 and 500 K

respectively (Fig.3). This behaviour can be explained by
the increasing of the electron density with the current,
which produces greater rotational and vibrational
excitations of the molecules [7].
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Fig.3. T; and T, against discharge current.

The first negative system of No* is detected from low
density (7.4x1019 cm3) until high density (up to
2.4x1020 cm-3) of nitrogen. The relative intensities of
the No(2s*) and N*(1s™) bands, can be used to evaluate

the electron mean energy (or electronic temperature) in
the discharge [4]. To do this we have measured the ratio

of two very close bands: the I(g,0) band of the Is~
transition on I(2, 5) band of the 2s* transition.
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Fig. 4: The electronic temperature as a function of
density.

If we suppose a direct excitation of the second positive
and the first negative systems and that the electron
energy distribution is maxwellian , the mean electronic
energy <e> or “electronic temperature” kTe can be
computed [4]. The deactivation rates are taken from [10]
and [4].

Fig. 4 shows plots of kTe versus the gas density. This
temperature is practically independent of density (in the
range of our experiments). Our values of kTe are also in
good agreement with Hartmann's values {5].

The typical dependence of kTe on the discharge current
taken at a nitrogen density of 1.2x1020 cm-3 is given in
Fig. 5. We can remark here, kTe tends to be constant
with discharge current in our experiment condition
(from2 to 10 nA). Whatever the density, this tendency
has been observed. '
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Fig. 5. Electronic temperature as a function of discharge
current. N = 1,2x102% cm3,

In all our experiments, the electronic temperature is
much greater than the vibrational and rotational
temperatures, the vibrational temperature being greater
than the rotational one. This indicates that the positive
corona discharge, even at the highest pressure, is a non-
equilibrium plasma.

Conclusion

In nitrogen, the determination of temperatures, deduced
from a comparison of experimental and simulated
spectra, can be made from low density to very high
density. For positive corona discharges, on the contrary
of negative ones, the evaluation of the electronic
temperature can be obtained from the analysis of the
second positive and the first negative systems of
nitrogen.
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Non-Thermal Electron Mobility in High Density Gaseous Nitrogen and
Argon in Divergent Electric Field

M. Nur, N. Bonifaci and A. Denat
C.N.R.S-Laboratoire d’Electrostatique et de Matériaux Diélectriques-Joseph Fourier University
BP 166 38042 Grenoble Cedex 9, France

Introduction

The effect of gas density on electron and ion transport in
nitrogen and argon have been reported by a number of
authors [1-6]. Most of these studies were made in plane
parallel geometry by using a time of flight method
(called here direct method). For example, Bartels [1]
studied electron drift velocity in argon for E/N values
down to 2x10-21 Vem?2, where electrons are in thermal
equilibrium with the gas. Borghesani et al [2] did
measurements on high density argon gas. Allen and
Prew [4] measured electron drift velocity at room
temperature in a range of E/N where electrons are not

thermalized (around 10-17 ch2). _
Conduction phenomena (charge transport, charge
creation, prebreakdown and breakdown processes) depend
on gas density as well as on fluid nature and purity and,
electrode configuration. In point-plane geometry, in
some conditions it is possible to evaluate ion mobility
from current-voltage characteristics [7,8]. However, as
far as we know, no results concerning electronic charge
carriers have been published when using this method.

In this paper, we present some results of non-thermal
electron mobility measurements, deduced from I(V)
characteristics of negative corona (this is an indirect
determination of mobility), in argon and nitrogen gases
over a wide range of density (3x1019<N<3x1021 cm'3)
at room temperature. The results which depend greatly
on gas purification are discussed and compared to those
obtained by other authors by a direct method.

Experimental techniques

The starting materials were nitrogen and argon gases
(N60 from Alphagaz). The purification line consisted of
a series of traps. First, an Oxisorb cartridge operating at
room temperature eliminates oxygen and water. Then, a
trap filled with a mixture of molecular sieves (3A to
10A) and charcoal, activated under vacuum typically at
350°C for 3 days, is cooled to -110°C (using a mixture
of LN2 + acetone) to increase its adsorption capacity for
CO9p, CO, ChHy and water. The gas was then
transferred into a stainless-steel coaxial cell which was
previously pumped to about 10-5 Pa using a
turbomolecular pump before filling. This cell could
withstand pressures up to 10 MPa. After initial cleaning
and assembly, vacuum leak tests were carried out
assuming that there are no leaks larger than 10-8 Pa
m3s-! which is the highest sensitivity of our helium
leak tester. Then, the experimental test cell and the
pipes have been cleaned to a high degree of purity by
making the same gas circulating several times through
them and the purification line before measurements
(about 20 times).

Point electrodes, made by electrolytic etching of a
tungsten wire, were used opposite a stainless steel plane
electrode. Tip radii of the points were in the range 5-15
lum while the point-plane distance d was 8-12 mm.

Results and discussion

In all our experiments with well purified gases (= 20
passages through the purification line), a localized and
stable negative corona regime occurs above a threshold
voltage V. For V=V, the current increases abruptly -
from a non detectable value, i.e. <1014 A, to some 100
MA - and it appears to be continuous and space charge
limited according to the saturation current limit
established by Sigmond [7] : Ig=2peoV2/d .
Here W is the mobility, &, the permitivity and V the
voltage. The spatial and spectral analysis of the emitted
light has shown that the maximum length of the corona
region is about 1 mm. In these conditions, the unipolar
transport region is close to d and the apparent mobility
of the charge carriers can be deduced from current-voltage
curves.
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Fig.1: Apparent mobility versus density for purified
(present results) and non-purified [8] argon. Data for
thermal electrons [1,2,6] and for non-thermal electrons [4].

For similar conditions (same point radius and gap
distance), the value of the space charge limited current
(SCLC) decreases with the residence time of the gas in
the test cell (this corresponds to degradation of its purity
level) when Vy is independent of it. After several days
inside the cell or for a non-purified gas, the SCLC
becomes composed of pulses and its mean value follows
the Townsend approximation: Ig=CpeaV(V-Vo)/d (2)
where C is a constant for a given point radius {7].

The density-normalized electric field strength, E/N, is an
important parameter for transport phenomena. For
point-plane geometry in the SCLC regime, the mean
electric field in the transport zone can be estimated to be
of the order of V/d [9] and consequently E/N=V/dN.
However, V can only be varied between the threshold
voltage V and the breakdown voltage Vi, and as Vg and
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Vp are function of density, the available range of V/dN
values is llmlted and roughly mdepcndent of N
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Fig.2: Idem to fig. 1 for purified (present results) and non-
purified [8] nitrogen. Mobilities of O~ from [11]

For our better purified gases, apparent mobilities
deduced from I1(V) curves (by using equ. 1) are shown in
figure 1 for argon and figure 2 for nitrogen. The
experimental data of thermal and non-thermal electron
mobilities measured by a direct method by other authors
[1-6] are also marked on the corresponding figures. Our
mobilities which correspond to V/dN values comprised
in the range 0.5x10-17-3x10-17 Vcm?2, are in good
agreement with experimental data of [4] for non thermal
electron mobilities in the same range of E/N.

This indicates that, for a negative glow corona in well-
purified non-electronegative gas, charge carriers are hot
electrons and that their apparent mobility can really be
evaluated from I(V) characteristics.
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Fig. 3. Experimental density-normalized thermal and non-
thermal electrons mobilities uN as a function of nitrogen
and argon density.

After a residence time of several days of the gas in the
test cell or without purification of the gas circuit [8],
charge carriers mobility deduced from I(V) curves (by
using equ. 1 or 2) decreases with time up to reach, after
a long time, a mobility close to that of O, ions (see
fig. 1 and 2). The time needed to get ionic mobility
decreases when the gas density increases. This is
consistent with a three body attachment process of
electron on oxygen impurity represented by the
equation: X+02+e — X+07~

In this case, the attachment efficiency increases with gas
density as a result of an electron lifetime decreasing as
N-2. Here X is Ar or Np.
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In fig. (3) we show the density-normalized non-thermal
electron mobilities (uEN) with density N. (uEN) tends to
be constant with density. This tendency is very
interesting if we compare with the zero field density-
normalized mobility (woN) . Ar and Ny are typical
example of two kinds of behavior in gases: N show a
negative effect i.e. (LoN) decreases with increasing
density. On the other hand, Ar show a positive density
effect i.e. (LoN) increases with increasing density. A
number of multiple scattering theories has been
developed to account for the experimental observations
{12]. However these theories were developed in the limit
of small electric field (E=0). None of them is able to
account for all of the observed phenomena, in particular
the observed field dependence of the mobility at a given
density.

Conclusion

We have shown that when using well purified gases,
one could obtain, with point-plane geometry, reliable
indirect measurements of mobility as a function of
density and electric field. The large influence of the
degree of impurities has been stressed out, the mobility
values decreasing from that corresponding to non-
thermal electrons to that of jons. Single scattering
theory seems to be followed over a large range of
density; however it would be of great interest to study
carrefully the behavior near the critical point where as a
contrary multiple scattering phenomena become
important for thermal electron.
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Excitation of N,(CIT,) State in Pulsed Positive Corona Discharge

Milan Simek, Vaclav Babicky, Martin Clupek,
Santolo DeBenedictis®, Giorgio Dilecce®, Pavel Sunka

Institute of Plasma Physics, Academy of Sciences of the Czech Rep.
Za Slovankou 3, P.O. Box 17, 18200 Prague 8 , Czech Republic
*Centro di Studio per la Chimica dei Plasmi C.N.R., Dipartimento
di Chimica, Universita di Bari, Via Orabona 4 , 701 26 Bari, Italy

1. Introduction

Pulsed corona discharge is considered as a promising
generator of non-equilibrium plasma at atmospheric
pressure for environmental applications. For predicting
the removal efficiency for different pollutants ( NO,,
SOy, hydrocarbons ... ) the determination of plasma
(streamer) parameters is important and interesting
subject for experimental as well as numerical studies. A
powerful diagnostic tool to this purpose is time-
resolved multichannel emission spectroscopy. Using
this technique we have analyzed N,-2.positive system
(C’I'Iu—>B3Hs) emission produced in pulsed positive
corona discharge in pure nitrogen.

2. Experimental set-up

Details of the corona discharge experiment can be
found in [1]. Corona is generated in coaxial geometry
with Ag coated Cu central wire anode (©=0.75 mm)
and grounded stainless steel cylinder ( ® = 56 mm ).
Pulsed HV power supply with maximum ratings 100
kV/1kA/ 7 ns risetime/ ~100ns fall time delivers up to
2 J/pulse with up to 10Hz repetition rate at atmospheric
pressure into the discharge volume ~ 1500 cm®.

Emission coming out of the discharge region is
observed along the symmetry axis through quartz
window and collecting optics by ISA Jobin Yvon
HR320 monochromator  equipped with Princeton
Instruments,inc. intensified ( proximity focused MCP
image intensifier gated through FG-100 Gate Pulse
Generator ) multichannel array detector IRY512/G/B .
Spectra acquisition is performed through ISA 1.
Spectralink controller and SpectraMax software.

Time resolution down to 25 nanoseconds with the
jitter = 5 ns has been obtained by synchronizing
Spectralink data acquisition system and FG-100 pulser
with the HV circuitry for the corona discharge. Position
of the gate for microchannel plate intensifier has been
controlled observing FG-100 pulse monitor output
simultaneously with corona current and voltage on high
speed digitizing HP54542A oscilloscope.

Corona discharge was operated under single shot
regime or with 1 Hz repetition frequency. Constant
flow ( 4000 sccm ) of nitrogen (99.999) was
maintained through the reactor at atmospheric pressure

80.0E+3 T T 1000
<-Pulse Monitore 1 gq9
60.0E+3 +
s 2
- + 600 £
- Ih -
§4o.on+3 1 = current ] 3
2 T4 2
N .
20.0E+3 N Lo
- TN
000.0E+0 + + + t + u 0
0 50 100 150 200
time [ns]

Fig.1 Corona current,voltage and FG100 pulse monitor

(in order to reduce the leak of air the discharge pressure
was kept ~30 Torr over the ambient pressure). For
each position of the FG-100 gate with respect to corona
pulse single PDA acquisitions were stored in the case of
single shot spectra or 100 pulses were averaged in the
case of 1 Hz repetition frequency. The Av = -1,-2
sequences of N,-2.positive system (C3Hu->B3Hg)
were stored and treated as described in [2].

3. Results and discussion

We have taken two data sets. In the first set FG-100
gate (25 ns) was moved inside corona pulse (Fig.1) to
monitor possible intensity changes in emission during
active corona current pulse with present electric field.
In the second set emission during and just after corona
current pulse ( with gate of 200 ns or 2.5 us
respectively ) was averaged.

Generally all acquired 2.positive system spectra show
very cold C’Il,-state vibrational distribution both
during HV pulse and afterglow. Results for v=0,1,2
levels are summarized in Tab.1 and Tab.2. Under the
discharge conditions (Tab.2) we observe decrease of
v=1 level population with respect to v=0 with slight
increase at the end of the pulse. This may reflect the
evolution of EEDF during discharge. Comparison of
distributions averaged over all HV pulse and in the
afterglow (Tab.1) shows increasing relative population
of v=1 level in the afterglow. This may indicate relative
change in importance of different processes producing
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C-state under discharge and post-discharge conditions.
Because of short length of HV pulse the C°IT.-state
distribution during discharge period is influenced by
limited number of processes : transfer of energy of free
electrons towards nitrogen (i),(iii), radiative and
collisional quenching of C*IT,-state (iv)-(vi). Important
can be the influence of energy redistribution within
nitrogen ground state vibrational manifold (ii) which
can significantly lower the excitation threshold for
direct excitation (iii). In the afterglow, energetic
electrons as a source of N, internal excitation (i),(iii)
quickly relax, consequently most of internal energy
redistribution goes through heavy particle collisions
(ii),(v),(vi) and, in addition, pooling reactions may
become dominant source for C*IT,-state excitation (vii).

Ny(v) +e > No(v*>v) +e @)
Nz(v) + Na(w) - Ny(v') + Nao(w') (i)
No(v) +e — Ny(CI1,,v) +e (iii)
No(C*I1,,v) - No(B’I1,,v') + hv (2.PG) (iv)
NACII,,v) +M - N, +M W)
Na(CI1,,v) + Ny - Np(C3II,,v") + Ny, v'<y (vi)

N(A’Z,,V) + No(A’Z,W) 5 N(CTL,V) + Ny(v)  (vid)

We have analyzed observed C>I1, - state vibrational
distribution using kinetic model [3], assuming both
Maxwellian (T.=1-10eV) and Druyvestein ((¢)=2-3 eV)
EEDF as well as both Boltzmann (T,=500-3000 K) and
modified Treanor (8°;=2000-2500 K, T,=300 K, with a
plateau extending up to vp<10-15 and deactivated tail
at Tp=1000 K up to v<25) vibrational distribution for
N, ground statc . Some examples of such model
distributions together with experimental results from
Tab.1 are on Fig.2. It seems that observed vibrational
distributions cannot be well explained on the base of
excitation/relaxation model using overall quenching
coefficients for the C°I1, - state vibrational levels and
within the range of other model parameters (even using
quite low EEDF parameters). Actually there are at least
two points in C’IT, state excitation model requiring
further improvement.

(1) Considering that overall quenching rate of C-state
at atmospheric pressure by N, (~ 4-10° s™ [4]) is about
one order higher than radiative one (~3-107 s™[5]) ,
more information on vibrationally dependent rate
coefficients for electronic quenching (v) as well as for
vibrational quenching (vi) is necessary.

(2) Set of excitation rate coefficients for process (iii)
was calculated using Franck-Condon scaled Cartwright
cross section approximation [6]. However strong non-
Franck-Condon excitation of vibrational levels in the
near-threshold region has been recently observed ( the
ratios of v'=1,2 cross section to that of v'=0 are close to
FCF ratios only close electron energy ~14 eV ) [7].

More complex analysis including study of Ny(BI1,)
and NO(AJ) state excitation is in progreés.

IV-15

N(v)/N(0)
=3

0.01 t 1

1
vibrational number

Fig.2 : Ny(C°I1, ,v)-state distributions. Experimental
results : E1) HV pulse, E2) afterglow ; model results :
M1) MaxwEEDF T.=8 eV and BoltzVDF T,=1000 K,
M2) MaxwEEDF T.=1 eV and BoltzVDF T,=1000 K,
M3) Druyvesteyn EEDF (g)=2.5 eV, Treanor VDF
6%,=2500 K, T;=300 K, vp=10,Tp=1000 K, v<25.
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Tab.1 Averaged N,(C’II, ,v) - state distribution
over HV pulse and in afterglow.

v | HV pulse | afterglow
0 1 1

1 0.14 | 027

2 0.016 0.06

Tab.2 : Evolution of N,(C’I1, ,v) - state vibrational
distribution inside HV pulse.

delay 1 | delay 2 | delay 3 | delay 4 | delay 5

1 1 1 1 1

0.16 | 0.113 | 0.094 | 0.091 | 0.114

N =[O <

0.08 0.025 | 0.015 | 0.016 -
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Abstract

the study of the local discharge propagation
direction on the solution surface of high voltage
laboratory insulator of two electrolyte water channels
is presented. The experimental results show that the
local discharge propagation direction is influenced by
the magnitude of the channel current when the gradient
of potential in the electrolyte are approximately the
same. On the other hand, under different gradient, the
discharge moves on the direction of the channel where

high gradient is expected.
1 Introduction

Because of the difficulty to carried out experiment
on real polluted insulator, laboratory insulator has been
proposed. The well known experimental apparatus is
Obenaus model with one direction of the discharge
propagation[1]. The characteristics and mechanism of
the discharge development have been reported[2][3][4].

Hampton predicted that the local discharge started to
elongate when the gradient of potential in the pollution
is high than that of the column of the discharge [2].

Wilkins explained the discharge propagation by the
increase of the discharge current[3].

At present, only quantitative explanations have been
reported, but were not verified. Under Obenaus
condition, it is difficult to distinct between Hampton
and Wilkin’s assumptions.

In the present investigation, to clarify the
mechanism of the flashover phenomena, experiments
were carried out on laboratory insulator of two
electrolyte water channels giving to the local discharge
two directions of propagation under controlled of
gradient of potential, channel current and channel

length.
2 Electrical description

An example of the cell used to carried out
experiments is shown in figure 1. The point electrode
was placed at the intersection of the channel 1 and 2
at few mm above the aqueous solution of NaCl to
simulate the surface of wet polluted insulator. The
channel length L) and L, are defined as the axial
distance from the point to the ground electrode. ry or r,
and I or I represented the resistance of the electrolyte

by unit of length and the current in the channel 1 and 2
respectively.

Elactroda H.V.
Discharga

Chanpel I & Channal 2

""’/ P 2 g e ?”L"

besulador

NaCl
CHtecrone

Figure 1

3 Static characteristic

The gradient of potential of the channel 1 and 2 are
estimated at the local discharge length h.
E\=Uab/L, =r.I; (1), Ez;=Uab/L; =r1,1, (2)

Table 1: Experimental results-

h(cm) Voltage(KV) Discharge
: direction
L1=10cm
R1=25KQ U=12
L2=10cm 0.5 U=13.2 Channel 1
R2=50 KQ ’ U=14
El1=E2 U=16
R1<R2
Li=15cm
R1=37.5KQ U=7
L2=5cm 0.3 U=8 Channel 2
R2=25KQ U=10
E1<E2
R1>R2
L1=142 cm
R1=355KQ
L2=10cm 03 U=12 Channel 2
R2=50KQ U=13.2
El1<E2
R1 <R2

3 Experimental results

In the following experiment, the gradient of
potential and the channel current are compared
under  the condition of the local discharge length h.

When the gradient of potential of the channel 1 Ey)

XXM ICPIG ( Toulouse, France ) 17 - 22 July 1997




Iv-17

in the electrolyte in front of the local discharge tip is
approximately equal to E; of the channel 2, the
discharge moves on the direction of the channel 1.

In the case of high gradient of potential E>E, and
the resistance of electrolyte in the channel 2 Ry) is
high than that of the channel 1 (R;), the local
discharge propagates on the solution surface of the
channel 2.

When E; is kept high than that of E; and
Ry=37.5k>R;=50kQ), the discharge moves on the
direction of the channel 2.

To know about the influence of the channel length
on the local discharge propagation, resistance ohmic
Rq is added to channel 2.

The experimental results in the table 2 shows that
the local discharge can elongate towards the channel of
high gradient of potential or high magnitude of
current of long or short channel length.

Table2: Experimental results
R2T=R2+R Q h(cm)

Voltage | Discharge
(KV) direction
L1=10 cm, R1 =50 KQ 13.5
L2= 5 cm, R2=25KQ 0.5
R2 = 30 KQR2T = S5 KQ
E1> E2, L1>L2,R1<R2T
ri=r2=SKQ/cm
L1=10cm,R1~=268KQ | 0.5 10
L2=6 cm,R2=16 KQ
R2 = § KQR2T =21 KQ
E1 <E2, L1>L2,R1>R2T
rl=r2=2.68 KQ/cm
L1=10cm, R1=268KQ | 0.5 1
L2= 63 cm, R2 = 16.88
KQ Channel 1 or 2
R2 = 10 KQR2T = 26.8
KQ
E1=E2, L1>L2,R1<R2T
rl=r2=2.68 KQ)/cm
1 L1=12 cm, R1 = 64 KQ 10
L2= 4cm,R2=18KQ 0.5
R2 = 5 KQR2T =23 KQ
E1 <E2, L1>L2,R1>R2T
rl=r2= 4.5 KQ/cm

Channel 1

Channel 2

Channel2

4 Discussion

When E;=E, the evolution of the discharge on
the channel of low electrolyte resistance, the authors
suggested that the discharge direction is affected by
the magnitude of the channel current.

In ours results, maybe Hampton’s condition is
expected in both channels because E;=E, But
experimentally, the flashover is observed only in the
channel of high magnitude of current. Under different
gradient of potential, the local discharge moves on the
channel of high gradient independently of the channel
current.

If it was supposed that the local discharge moves
onthe channel 1 or 2, the increase of the discharge
current is expected in both conditions. So, the
discharge development can not explained only by
Wilkin’s condition[3]. '

The local discharge appears to propagate by
ionizing of a small space air in the front of the local
discharge tip[3]. In ours results, the discharge
development on the channel of high gradient of
potential could be explained by an important ionization
due to the high electric field near the local discharge
tip. Under this condition, the current flowing from the
discharge tip through the solution surface has no effect
on the discharge direction.

The photoemission intensity from the local discharge
tip has an important role in the propagation of the local
discharge on the surface solution and is considered to
be influenced by the current flowing into the solution
through the local discharge tip[5].

When the gradient of potential E;=E,, the same
ionization by the electric field in front of the local
discharge tip is expected in both channels. Under this
condition, may be the channel current giving high
iniatory of electron by the phoemission which affected
the discharge direction.

The propagation of the local discharge on the
channel of high gradient of potential with low channel
current, the authors suggested that the ionization
process by the electric field is more effective to drive
the local discharge towards the flashover compared to
that of the photoemission.

5 Conclusion

The influence of the gradient of potential, current in
the channel and channel length on the local discharge
propagation direction towards the flashover has been
investigated experimentally:

1) When the gradient of potential in the pollution of

. both channels are approximatelly the same, the

flashover is observed on the channel of high current.

2) When the gradient of potential are different, the
discharge choices the direction of the channel of high
gradient independently of the channel current or the
channel length.

From these results, it was deduced that the gradient
of potential in the pollution in front of the local
discharge tip plays an important role for the discharge
propagation compared to that of the channel current.
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Background

In a recent paper [1] the characteristics of the

transition from a pulsed to a pulseless regime mid-way -

in the current .range for a point-plane negative
discharge were discussed where the gap separations d
were in the range 4 - 20 mm. Although the transition
is smooth rather than abrupt, it is nevertheless quite
distinct and can be clearly identified in the plots of the
central peak of the planar current j, against the overall
current /. It has also been shown to be associated with
the disappearance of the central current-dimple [2] in
the planar current profiles, so that Warburg’s law is
exactly obeyed, and with the planar current disc
attaining its asymptotic diameter. Briefly, it was shown
from the measurements that transition occurs when /
has a critical value I, (d) given by

I.(d) = Cd where C = 15pA/mm (1)
and when j, has the critical value j, given by

J.(d) = D/d where D = 7-5pA/mm (2)
which can be confirmed theoretically. Above the
transition, the central planar current j, obeys the
exponential law '

J, = J,(d) exp(a(d) ) 3)
where

J, < ld and @ < Ya*’ %)
so that the current on the central axis of the discharge
rapidly increases with the total current 7 or voltage V.
These are the relevant findings as far as the present

paper is concerned. However, many other qualitative

and quantitative properties of the transition and of the
region that lies beyond it were presented in the original
paper [1].

The reason put forward for both the transition
and the behaviour of the pulseless regime leading to
breakdown is the axial gas heating in the central
channel. It was suggested [1] that this is associated
with a critical energy deposition by the ionic currents in
the region beneath the coronating point.  This
suggestion is in line with the observations of Kurimoto
and Farish [3] and with the breakdown theory for
positive coronae proposed by Marode {4]. The present
paper gives an initial survey of the theory of this
heating and quantifies the rate of temperature increase
for these small-scale negative discharges in air.

Gas Heating by Ionic Currents

Current distributions j do work at a rate per

unit volume given by

Ej=uyk )
where E is the electric field, 4 is the ionic mobility
and p is the charge density. This is the rate at which
the electrostatic energy is transferred to the thermal
free-energy of the gas [5], so that the rate of increase of
energy per molecule is up E'/n where n is the number
density of neutral molecules (much larger than the
number density of ions). As gas temperature can be
defined by the classical form

211

IR 3™ 6)

where {-—mq-’- is the mean kinetic energy per molecule
and R = 1-379 x 10 kgm'/s’K is Boltzmann’s
constant, the local rate of increase of the gas
temperature is given by
% -R,,l— HPE'. » M
The above form (7) is true for the drift region
and the glow, the reasoning for the glow region being
as follows: if a charge-carrier (ion or electron) is being
created at a rate », , k = 1... at any point, then for each
type of carrier, the electrostatic field is supplying
energy at a rate r, ¢ where ¢ is the local electrostatic
potential. However, summing over the carriers shows
the total of this energy supply > r 4 to be zero as ¢

is independent of k and Z r, = 0 (charge cannot be
created or destroyed but only separated).

Temperature Increase in the Pulsed Regime

As part of a comprehensive study [6, 7], finite-
clement techniques have been used to solve the field
equations with a gap separation d of 10mm and an
overall current / of 100 pA in a negative DC discharge.
Transition at this gap separation takes place at about
150 uA [1] so that the solution is typical of the pulsed
regime. As the temperatures in the central channel are
the largest in the interelectrode gap, the numerical
solution for E and j has been used to give the rate of
heating on the axis as a function of the upward distance
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z from the plane. Note that the neutral molecule
density n = 2-5 x 10” for air. Results are given in the
figure. As can be seen, rates of temperature increase
for the lower half of the gap are circa 500 K/s; in the
upper half temperature rates increase steeply so that in
the vicinity of the tip near the edge of the glow, (not
shown) they are of the order 10°KI/s.

K/s
A 2,000

-

1,500

5

1,000

500

mm

L L 'l

0 2:5 '5-0 75 10

Axial rates of heating plotted against distance z for d = 10mm

Temperature Increases in the Pulseless
Regime

In the absence of accurate numerical results
for pulseless coronae, reasonable estimates of field
values in the gap have to be used in this preliminary
study. Only on the plane are measured values of the
current distribution known [1], and even here accurate
values are obscured by measurement difficulties [8].
There are good reasons for thinking that true values are
higher than the “measured” values which are spatial
averages. Taking a gap separation d of 10 mm, the
shown tabular estimates of the temperature rates of
increase have been obtained from known theoretical
relationships. For example, there is Warburg’s general
form [9] giving the current-voltage-separation
relationship; and also asymptotic charge-drift methods
{10] which show that the average planar values of the
charge density, current and power transfer are
g V/d , & puV'/d’ and & uV’[/d* respectively ( here
&, is permittivity). The range of quoted values run
from transition upwards (breakdown was not risked in
the experiments in order to protect the apparatus).

Plane centre | Drift average | Glow tip on axis

E (xVfmm = 10 V/m} 0-6 —0-8 + 12—17+ 25
J@A/mm’ = A/m’) | 07-20+ 027 =055+ | 35 —10+
temperature rate (K/s) 850 —3200+ | 650 —1900+ | 17,500 50,000+

Conclusions

Given the previously mentioned likely increase
of true current values over measured values because of
the averaging effect of current probes, it seem that the
temperature rates of increase (heating effects) in the
pulseless regime are considerably larger than those for
pulsed corona. Moreover, the volume where this
heating effect is significant (the central channel) is
strongly localized in the region near the central axis.

" These findings support the suggestion of a critical

energy. Readers should note the the quoted values are
only notional rates of heating as there are cooling
mechanisms (conduction, convection, the electric wind)
present to counteract the heating so that stable constant
temperature situations exist. Nevertheless, the quoted
values seem to be in line with the suggested 500 K
excess temperature values of the initial study {1].
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Introduction

The voltage range for small scale point-plane
negative DC corona in air can be divided into two
regimes [1]. At lower voltages ¥ the discharge is
pulsed and displays the characteristics of an increasing
planar current radius and a central dimple-like
suppression of the Warburgian current [2]. There
follows a smooth transition whose mathematical
description can be found in another paper in these
proceedings [3]. At higher voltages the discharge is
pulseless with a fixed planar current radius and an
axial current augmentation that behaves exponentially
with the total current /. The coefficients of this
exponential law are dependent on the gap separation d
{1,3], and breakdown is approached as the
voltage/current is further increased.’

In the original paper [1], the reason put
forward for the transition and the formation of the
" axial current channel was the gas temperature increase
associated with a critical energy deposition by the
ionic currents. This corresponds to the suggestions of
other researchers [4,5]. As pressure p = nRT (usual
notation) will not vary greatly across the gap, an
increased axial temperature T implies a reduced gas
molecule number density » in the central region.
Values of E/n on the Paschen characteristic are
increased so preparing the gap for breakdown. In the
inaugural paper [1], a 500K estimate of this
temperature was given for the pulseless regime that
was based on the work of Yamada et al. [6]. Here, a
theory based on the balance between ionic heating and
conduction leads to alternative temperature
predications based on the field equations.

The Temperature Distribution

In a sister paper in these proceedings [3] it is
shown that the local rate of gas heating by ionic
currents in both the drift and glow regions is

FEj=2wrt
where R is Boltzmann’s constant, j is spatial current
magnitude, £ is field strength, p is mobility and p is
space charge density. Estimates for the size of the
axial heating in K/s for both the pulsed and the

pulseless regime are. given in the paper. This is a

" notional rate of heating, however, as conduction,

convection, the electric wind etc. counterbalance the
heating so that a stable situation exists. In this paper,
only the conduction of the gas in the axial direction is
taken into account. Perhaps this is an over-
simplification leading to exaggerated values, but it
seems a reasonable way forward at this stage in the
development of a theory.

The local rate of temperature increase by

conduction is
k d&’T
mnC, dzZf @

where k is the conduction coefficient, m the mean
molecular mass, C, the specific heat at constant
volume and z is the axial coordinate measured
upwards from the plane. This is an ordinary Fourier
expression as the radial Laplacian terms have been
omitted. As this rate of increase is given by the
transfer of energy from the electrostatic field (1), it
follows that

&T 2 umC, 5 _ )
a7 =3 xR PE =rrE 3)

defining the coefficient y. Using a classical approach
[6] it can be shown that yis temperature invariant.

Charge Drift Field Estimations

Charge continuity when viewed from a
Lagrangian point of view [7] results in the charge drift
equation

' dp _ _K»
ar - &P )
which is easily integrated to give

—-— == ®

where ¢ is the time of flight, p, is the initial density
and ¢ is permittivity. As stated in the original paper
[1], there are arguments that can be put forward to
justify the assumption of a uniform electric field in
the gap. At a central position at a distance z above the
plane, the time of flight from the point would therefore
be
' d-2zd

t= "y

©
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so that an upper bound (asymptote) for p is
p =2y ZﬁE%V— if 0sz<sd. (D

d - z)d
Using the above in equation (3) gives
d&’r _ yeV? _ rd %)
T W@-)F d-:z ¢
using p and defining I”, and
[
dZ = d‘ =TI (9)

using the simpler form p .

Integration of the forms (8) and (9) is
straightforward and results in

T-T, = I'd[(d -2 In (d; z) +z] (10)

and
r
T-T = 722 (11

respectively, where T, is the ambient temperature.
Here the boundary conditions 7= 7, at z = 0 and

%%—0 at z = 0 are used which are reasonable.
Hence the temperature adjacent to the tip at z=d is
given by
2

T—T;,=I‘dz or-I—-';— (12)
depending on whether form (10) or (11) is used.
Further consideration of the charge drift theory [7]
shows that these are bounds of the linearized

conduction equation (3).
Numerical Results and Discussion

The standard values

= 1-8x10™ V/ms, m = 6x107% kg,

= 8-85x10™? C*/Nm% R = 1-4x10 " kgm’ /$K ,

k /C, = 3-3x 107 kg/ ms (viscous coefficient) (13)

were used with the published values {1]. In the
experiments, gap separations 4 were in the range 4-18
mm, and transitional total current values were
deduced to be given by
= Cd (14)
where C = 15 pA/mm, if / is measured in pA and 4
in mm. Hence, by Warburg’s general form in which
Idvaries as 1* , it follows that
% = 1-34kV/mm (15)
at transition. The range of V" above transition was
restricted in order not to risk equipment damage at
breakdown, but voltage values increase by at least 50%

above transition. The (V/ d)’ term in I therefore
increases by at least a factor of 3.

As can be seen from equations (3), (8) and
(9), the temperature excess varies as (V' / d)3 d, so that

taking 4 = 10 mm as a reference value, the bounds
given by equation (12) for T -7, at transition are

- 690K < T-T, < 1380K. 6

If, for example, bounds for d =4 mm are required then
they will be 40% of the above. As radial conduction,
convection etc. have been ignored, it is the lower of
the bounds that is likely to be of the order of the
magnitude of the true temperatures; and this
corresponds to the 500 K prediction of the original
paper [1]. When breakdown is approached, using the
previously explained factor of ~ 3 it seems that
temperature excesses for 4= 10 mm could be as much
as
' 200K < T-T < 5000K. 17)

0
However, other physical effects of the sorts already
mentioned are likely to substantially attenuate these
temperatures. Nevertheless, the linearized theory of
gas conduction implies gas temperature excesses of at
least several hundred degrees, possibly a few
thousand, in the central current channel for the

pulseless regime.
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A DEGENERATE PROBLEM IN THE VARIATIONAL APPROACH TO
CHARGE DRIFT
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Introduction

The calculus of variations gives rise to
perhaps the most powerful techniques for solving
problems in mathematical physics. But as with most
methods there are strengths and weaknesses. For
example, there are occasions when integral functionals
are physically meaninglesss even though their
extremals are based on physical principles. There are
also difficulties if the integral is an exact differential
as the Euler-Lagrange equation is identically zero; and
not all of the governing equations of phenomena can
be associated with the variation of an integral.
Nevertheless, the success of variational techniques in
the field problems of electrostatics is well-known.

In the theory of corona discharges the two
main equations to be solved are Poisson’s equation
and the charge continuity equation. As an alternative
to the latter, charge drift methods can be used [2-6],
and variational principles for the two field equations
have been established. In this new formulation [2, 4,
5] the simultaneous nested minimization of two
integrals is the equivalent of solving .the field
equations. In the Poissonian integral, the electric
potential ¢ is assumed known and an extremal is sort
for the variable charge distribution & ; whereas in the
charge drift integral the charge distribution p is taken
as known and the potential function y is allowed to
vary. The dual approach with the roles of the two
distributions interchanged in the integrals was not
given, as an integral functional for the charge drift
equation with a known potential ¢ and unknown
distribution o could not be found. The inability to
formulate this problem is the subject of this paper and
the consequent implications for the theory of charge
drift are also considered.

Poissonian and Charge Drift Variations

It is well known that the minimum of the
integral
1
5 &(V¥)' - py | dD (1)
D
is achieved when y = ¢ where g s given by
Vig = - ps. ' @

This has a physical meaning as the integral (1) over
all space D is a Hamilton-like -principle involving a
field energy minimization where the charge
distribution is p and the potential is y. The dual of
this variation is the extremizing of the integral

j [—;—a’ - eV¢.Vo’]dD 3)
D

where the extremal p of the functions o satisfies
Poisson’s equation (2). It is significant that this
integral does not have a physical meaning.

The previously published charge drift
formulation [2, 4, 5] now comes from the time rate of
change of the energy integral (1) when power is
consumed by ion-molecule collisions characterized by
a mobility coefficient 2. This gives

17/
_[ [#P(V v) + 2wé,—’;] dp )
D
whose minimal satisfies the drift equation [2-6]
4o _ _Eo(_, v
&= -£7 (=rrvy ®)

where the total time derivative is taken when
travelling with the ions. The previously mentioned
simultaneous minimization of the integrals (3) and (4)
is therefore equivalent to solving the continuity and
Poisson’s equations. The dual approach utilizing (1)
and the time rate of change of (3) is therefore an
important consideration as it would be the basis of an
alternative finite element method to that given by the
above.

‘Degeneracy

It is easy to demonstrate that an integral in
terms of a known ¢ and unknown o which has an
extremal p given by equation (5) cannot be found.
The algebraic possibilities for the integrand are soon
exhausted (exact differentials appear); and the non-
existence can be shown more formally as follows. If
the integrand F{t, p, p)) satisfies the Euler-Lagrange

equation (5), in the simple time-dependent case when
moving with the ions, the extremal (1) is given by

daF, _ d(l ,ut)
TR I 11 V- Iy A N O

Expanding the first term in the usual way, as there is ”
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no term in p” in the second expression involving p, it
follows that F is at most linear in p’ so that it has the
form

F=pflph+gp. )
Substituting this back into equation (6) gives a
contradiction as the tems in o’ cancel in the left-hand

expression so that it cannot equal the second
expression which involvesp’.  An integrand F

satisfying equation (6) therefore does not exist.

As the charge drift integral (4) has been
shown to be the time rate of change of the Poissonian
integral (1), it is interesting to find the extremal of the
time rate of change of the dual charge drift integral
(3). Usiug the divergence theorem and the boundary
conditions on ¢ at infinity (o can be piecewise
continuous), then the time rate of change of (3) can be
written

(-‘9- - pV¢.V) 1o v coviglap (@)
at o2

which can be expanded in the usual way. Hence,
allowing time to be part of the domain D (this does not

alter the extremal of (3)), the Euler-Lagrange equation
reads

2
upVig + #8(V’¢) =0 ©)
so that either Laplace’s equation or Poisson’s equation
(2) is recovered rather than the required charge drift
relation (5), and nothing has been gained by this
approach.

In the above analysis, time is regarded as an
independent variable. If, alternatively, only the spatial
variables are considered, the Euler-Lagrange equation
becomes .

2

3;-”; + upVig + svz% + ys(V2¢) =0 (10)
which is also degenerate and identically zero as in any
field calculation Poisson’s equation must always be
satisfied. In conclusion, whatever manipulations have
been tried, the term involving the time derivative of
the charge distribution in the drift equation is
problematical as it either always directly cancels in the
Euler-Lagrange equation or it is balanced by a time
derivative of ¢ which similarly cancels when Poisson’s
equation is used.

Implications of Degeneracy

The strength of variational techniques make
them an obvious choice of method when solving
problems in field theory. In the theory of charge drift
{2, 4, 5], the author found that these methods were not
effective when dealing with temporal changes in space
charges, and other approaches had to be‘'used. Two
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major results in particular seemed to defy variational
methods. The first of these is that a cloud of ions with
mobility 4 inexorably expands at a linear rate given
by

D=D,+ %t (1)

where D represents the volume of the cloud of total
charge Q. The second is the asymptotic shape
theorem [2, 4, 5], which for ions of a single mobility
implies that any distribution of space charge .
approaches a spherical shape before it disperses by the
mutual repulsion of the ions. The reason for this lack
of success (not reported in the publications) can now
be seen from the findings of the previous section.

The only variational formulation of the
charge drift equation (5) is the minimizing of the
integral (4) in which both p and its time derivative are
known functions. This effectively removes the
physical charge movements from the mathematical
formulation: the time derivative of p is a given
function that appears in the integrand so that the
allowed variations in y do not describe the ionic flow
in any way. This variational principle is therefore
useless in describing any temporal changes in the
charge distribution. The lack of a dual principle in
which @ is known and o is allowed to vary with time is
therefore crucial to the effectiveness of the whole
approach. There is no foothold for the calculus of
variations in charge drift problems unless the time rate
of change of the charge distribution at any position is
found by some other means. Only under these
circumstances can variational methods be used by the
simultaneous minimizing of integrals (3) and (4).
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Physics of super undercritical streamer discharge
in UHF electromagnetic wave
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1. Introduction

The streamer discharge in UHF electromagnetic fields
is one of the finest and the most misunderstood nature
phenomena It arises in dense gas in a beam of
electromagnetic wave radiation. In a dense gas an
electrodeless UHF discharge have a complicated
filamentary structure. The discharge is shaped as a net

of very thin luminous filaments with bright fragments, .

which length approximatelly equals half wave length of
radiation The discharge consists of thin filaments
selforganized into electrodynamic resonant vibrators
and loops, rising one from another and propagating
away from initiating point. The observations show that
filament fragments of discharge net do not exist
simultaniously but are arising one from another The 5-
10 cm wave length radiation and 0.3-1 atm air pressure
are good conditions for observation of the discharge
{1,2,3,] After creation the arised discharge can be
supported by radiation with electric field amplitude
much less than critical value Eo It was found
experimentally that the electrodeless discharge can
continiously exist even if undercritical parameter
E/Ecr equals 1/50 and less [4]. It is possible by due to
streamer effect. The electric field on the ends of thin
filament is much more than unperturbed field.

There are many experimental studies of the UHF
streamer discharges, but a satisfactory theory of this
phenomenon is absent today. It is caused by very hard
mathematical difficulties from one side and absence
of clearness in physical mechanisms driving the
process, from other side. The mathematical model for
discription of a discharge fragment of the undercritical
UHF discharge and numerical investigations of its
spatio-temporary evolution are presented in the paper.

2.Theoretical model

I is clear that mathematical mode!l of the streamer
discharge in UHF electromagnetic wave must take in
to account the 3D geometry, fully electromagnetic
field discription selfconsistent with discharge , plasma
chemistry and gas dynamics. So as investigation of
filament net is very complicated the single filament
fragment of the net is chosen as modeliing object.

It is found the method of calculation of the
electromagnetic fields at thin filament with radius-
length ratio up to minus several orders of value and
with arbitrary conductivity distribution along filament
by means of the integral Pocklington type [5,6]

equation for electric field amplitude E on the filament
axis z

E(Z)=Eq +i- jE(z’)-W(z',z)-k-dz',

where
Wz, = 228 90 o't
’ 2
G2 = c;(‘: x[a - i-kR)-(z— 3%) +(ka)2}

GR) =exp(i-kR)/R,

R(z, 2)= "az +(z'- z)2 .

W(c) = IJO[JH i-d4no/@ -kzrvdr],
:

k=@mi/c- wave number, a- the filament radius, o
conductivity, o field frequency, Ea:- external wave
field. The integral equation have solved numerically
together with hydrodynamic equations in frame of
isobaric approximation, which take into account the
next physical-chemical processes: 1)ionization in
electric field by electron impact and in heated gas,
2)electron digsotiative and 3-body attachment,
3)recombination, 4)electron diffusion, ambipolarity
field and electron drift in UHF electric field [7], 5)gas
heating [8], 6)radiative losses.

P < (KD K, ()~ R (BN, +

+ irl— -V-(DE,N,0)-V(o,1)),

&= -N.[0-60)-E* - Irad V)]

o= Un + Usm

where

K, K impact ionization and attachment velocity
rates, R, = o-mKy/e? (0~ recombinatin coefFicient )
Ca - nonequelibrium conductivity, Oy, - equilibrium
conductivity, D - effective diffusion coefficient, Ly -
radiation losses, 0 takes into accout a skin effect.

3.The simulation result

It is shown that only correct accounting of all the
mentioned factors and their dependenses on electron
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and gas temperature gives possibility to simulate the
evolution of the streamer discharge in UHF
electromagnetic field, which is less than critical one. It
must be noted especially the key role of free electron
diffusion and oscillatory drift on the streamer ends [7]
and gas heating. Fig.1 and 2 demonstrate the behavior
of the undercritical streamer discharge. One can see
on Fig 1 that initial hot plasmoid with small length and
conductivity is rising slowly until its length reach the
resonant value, At that moment (t = 13 mks) the
streamer ends velocity iz meximum and equals
~2-10°cm/s. After the resonance the streamer growth

is stoped.
zZ,cm

’ﬂ::,—.':F"—‘-‘

Figl. Contour plot of electric field amplitude onthe
filament axis E(z;t). Egt™=0.25-Eq,, A=8.5cm.

Fig2 shows that streamer effect takes place indeed.
The field increases on the ends of filament so as
difference between ionization and attachment
frequencies is positive inside the streamer.

The conductivity in medium part of the filament at
resonance moment is enough for the skin layer to be
less then filament radius. It is the necessary condition
for high enough quality of a resonant vibrator. But
conductivity on the streamer head is relatively small, it
is less than o@/4m.

The calculated discharge filament velocity and length
are similar to that observed.

After resonance achivement the filament does not
grow but heating continues. The temperature grows up
to 2+3 eV along whole filament. The temperature rises
slowly when the wave field is undercritical, o
isobaric approximation is applicable.

4.Discussion

The real phenomena is much more complicated than
the model. The question about streamer radius remains
to be open. In frame of usual plasma hydrodynamics
one can suggest that the streamer head radius is
defined by necessary field growth at the streamer head
but it can not be less than ionization avalanche front
depth [7]. In a real discharge there are many filaments.
Their currents influence one another. The filament
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placed nearer to the wave radiation source has
advantage and shiclds the filaments situated farther
from the source. The shielding effect limits the life
time of a filament after arising of the next one.

bevr =

-1
0 i z 3

) Z, cm
Fig. 2. The distributions along filament axis in
resonance moment t=13 mks.
log(dnc/m)-solid, (Ve V) Nay ~dot, E-dash, N/Ny-dadot
line. '

The developed UHF streamer model will be used for
more detail study of streamer behavior at any
conditions,

1 bring my thanks to Dr. L.P.Grachov and Dr. LLEsakov
for useful discussions.

5 References

1} L.P.Grachov, 1.1.Esakov, G.1.Mishin,
K.V.Khodataev. Jurnal Technicheskoy Physik
(Russian), 1.66, 7 (1996) 32

{2]L.P.Grachov, L.I.Esakov, G.1.Mishin,
K.V.Khodataev. Jurnal Technicheskoy Physiki
{Russian), 1.65,5 (1995) 21

{3]L.P.Grachov,  ILILEsakov, G.I.Mishin,
K.V.Xhodataer. Jurnal Technicheskoy Physik
{Russian), T.65, 11 (1995) B6

L.P.Grachov, LIBsakov, G. 1. Mishin,
K.V.Khodataey. Jurnal Technicheskoy Physiki
{Russian), 1.65, 7 (1995) 60 '

{5] .Pocklington H.C., Camb. Phil, Soc. Proc., 9 (1897)
324.

[6] Richmond JH, Proc, IEEE, 53 (1965) 796
{7IK.V.Khodataev, B.R.Gorelik. Physika plasmy
{Russian), 1.23,3, (1997} 1
[BIK.V.Khodataev. Himicheskaia
{Russian), 1.12, 3(1993) 303

physika

XXTI1 ICPIG ( Toulouse, France ) 17 - 22 July 1997




IV-26

Development of a Low Ozone Generation Corona Charger
and Application for NH; Reduction in Waste Gas
M.Kogoma , T.Inomata , S.Okazaki
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Introduction

A charge - up processon photo semiconductor surfaces for
laser printer and eletro-photogmphy is genenlly used for
negative corona discharge , but the negative corona charger
cncounters more ozone formation than that obtained during
application ofa positive corona. However, the sensitivity
of the photo-semiconductor is not sufficient for the positive
corona, so one must use the negative corona. To solve
these problems , recently we reported the development of
new type corona charger which has strongly restrained the
0zone production by using of catalyst coated heating wire
electrode [1] .

In general, because of the criteria of environment about
the waste gas control througha discharge system, we need
to reduce the concentration of residual ozone in the
exhausted gas to the ambiance. For example, the waste
gas exhausted from a biodegradation system of home
perishable dust contain important concentrations of
ammonia gas that is main reason ofits smell. So, we tried
to much ozone production or bi-producted NOx by
applying the new type corona charger.

In the corona discharge, ozone is produced in the region
of the center wire electrode; this phenomenon has been well
studied. The oxygen atom formation reaction (1) produces
the ozone in the next reaction ).

O;+e — 20+e (1)
0+0;+M = O,+M (2

The main reaction of ozone formation(2)has a negative
activation “energy, so the amount of omne shall be
decreased with ascending temperture of center wire
electrode.

Ifthe surface of the wire electrode is covered with ozone
dissociating catalyst, also, the catalystic reaction occurs on
the center electrode. So, it is expected that the ammonia
dissociation reaction will be prior to the ozone formation
reaction in the discharge zone,

Experimental

A ocorona discharge tube has a fine wire electrode
(SO0micrometer radius) of tungsten in the center of: stainless
tube of 2.2cm diameter. In fig.1, a circuit for applying
continuous voltage, br heating of the fine wire and for
measurement of wire temperature is shown. .

Heating of the wire is done by direct current. Wire
temperature was measured from the change of wire
resistance , which was analyzed in a bridge circuit . The

bridge circuit and heating circuit was separated by a
blocking condenser.

Sample gases are air and NH; mixed(100ppm) air.
Ozone concentration was measured by the KI titmtion
method. the flow rate of air was 600cm’min’. NH,
concentration measurement was done by the detection
tube(Gas-Tech Corporation). Tungsten corona wire length
was 225mm; inner diameter of tube electrode was 22mm.

Results and Discussion. _

Fig.2 shows the ozone yield as a function of discharge
current of negative corona. This means the amounts of
ozone formation are directly proportional to the discharge
current. It is clear that the ozone yields are decreased with
increasing of the wire temperature and coating of catalyst on
the wire surfaces.

Fig. 3 shows the ozone yield as a fanction of discharge
current of positive is like as in the negative corona ,ozone
concentration level is much larger thanin positive corona.
The different  efficiency between the polarites is may be
attributed to the difference of cross section areas of discharge
zone. Inthe case of positive corona, the electrons formed at
the edge of discharge zone, which is close to the center
positive electrode are swarming to the electrode andchange
quickly. On the contrary, in negative corona, all of
electrons are going to outer electrode which is far from the
discharge zone. Then, the reaction(l) is Ester than that in
positive corona.

Fig.4 shows reduction mte of NH; as a function of
discharge current.  On the reduction efficiency, a negative
corona has a value about twice as high as that of positive
corona. But, in the ozone formation rate, a negative corona
has a value about ten times fster than that of in positive
corona. So, the ratio of ozone formation to reduction rate of
NH; is much better in positive corona. Thus we need low
concentration of ozone in waste gases.

Fig.5 shows NOx yield vs. discharge current . In the
case of positive corona, NOx concentration is rapidly
increase with increasing of current. On the other hand, in
the negative corona , we have no NOx frmation. So,
There is some antagonistic advantage between ozone
formation and NOx reduction rate.

In conclusion, catalyst coated heating wire corona
discharge system is able to reduce NH; from waste air .

[1]Okazaki, M. Kogoma, T.Inomata, Proceedings of
HAKONE V, p.283(1996) Milovy,Czch Republic
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Fig.4 NH; reduction rate vs.discharge current
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Memory effects in the electrical breakdown of a low pressure gas
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Introduction

The delay between the application of a DC high voltage
on an electrode gap and the electrical breakdown of a gas
may generally be divided into two principal components:
statistical delay time and formative time lag. The former
is the time necessary for appearance of the first electron,
which, accelerated by the electric field, will give rise to
successful series of electronic avalanches. The latter is
the time interval, which is needed to develop a selfsus-
tained discharge from that initial electron.

Due to the stochastic nature of the appearance of the
first electron, discharge delay time is also random. The-
ory [1,2] predicts an exponential probability density func-
tion for breakdown delays if formative time lag is ne-
glected. In this work, direct observation of both, statis-
tical and formative time lags is presented.

A discharge may change the probability of the next
breakdown, as shown in [3] for argon and stainless steel
electrodes. Comparable results are here presented for he-
Tium gas and aluminium electrodes, thus suggesting that
this phenomenon is common to breakdown experiments.

Experimental

All measurements are done using a pyrex discharge tube
(inner diameter 2 cm) with two circular (1.4 cm diameter)
aluminium electrodes (interelectrode distance 2 cm). The
working gas (helium) flows through the discharge tube
at 30 sccm/min (controlled using a mass flowcontroller).
The temperature and pressure of the gas are 300 K and
4 torr, respectively.

PC

Figure 1: Experimental setup: FC flowcontroller, RP ro-
tary pump, HV high voltage supply, SW switch, PC com-
puter, OF optic fiber, PM photomultiplier.

The cathode is grounded and the anode is driven by a
high voltage supply (U=600 V) through a load resistance
and a fast (computer controlled) solid state high voltage
switch. Onset of the discharge is detected using an optic
fiber and a photomultiplier.

The time interval T between the rising edge of the
voltage on the anode and the electrical breakdown of the
gas is measured with a precision of 1 ys. The discharge
is switched off after a predefined time 7. To obtain sta-
tistically significant data, the measurements are repeated
(N = 107 to 10°) with fixed period Trep.

Teep
@
() T, |_
© T L_l L

Figure 2: Schematic drawing of signals: a) switch com-
mand b) discharge current c) voltage on anode.

Results

The breakdown delay time T is measured for several rep-
etition rates (Z;p=10 to 50 s) and different discharge du-
rations (7,=50 to 1200 us). For long discharge durations
(T4 = 1 ms), probability density function of breakdown
delay times T has a shape as shown in Fig.3. The result-
ing curve is interpreted as a combination of two effects:
a slow exponential fall due to the statistical delay time T;
and a rapid growth near the value of the formative time
lag Ty. The values are found to be 7; & 22.5 ys and Ty ~
87 ps.

For short discharge durations, apparently different re-
sults are obtained, as shown in Fig.4. The rising part of
the probability density function is totally hidden by the
decreasing exponential, which extends to much higher
discharge delay times. By fitting the exponential, one
finds 7; =~ 28312 pus.

This type of curve is comparable with previous re-
sults for argon and much longer repetition rates, as may
be found in [4].
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In Fig.5, average discharge delay T versus discharge
duration 7 is plotted for three repetition rates Trep. For
longer T;.p between measurements, average discharge de-
lay T is more sensitive to variations of 7. For short T} it
tends to be linear in loglogplot,i.e. T o< 7;1"3'33.

Conclusions

Two factors have an influence on statistical delay time
of the breakdown: (i) initial electronic current near the
cathode and (ii) probability that the discharge will evolve
from one initial electron. The k™ discharge may change
both the number of charged particles remaining in the
tube and the state of the cathode surface for measurement
k+ 1. The lifetimes (i) of charged particles in volume
due to recombination and/or diffusion and (ii) of excited
states in gas, are much shorter than repetition rates of our
experiment (up to 50 s). One thus can ccnclude that a dis-
charge modifies the “state” of the surface of the cathode
and consequently, the probability of the next breakdown.
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Positive streamer in strong field in air:
the mechanism of expansion and acceleration

A.A Kulikovsky

Moscow State University, Research Computing Center (NIVC)
Moscow 119899, Russia !
e-mail: akul@oberon.phys.msu.su

Two-dimensional numerical simulation have
shown recently that positive streamer in strong uni-
form external field quickly accelerates and exhibit
expansion in radial direction [1,2]. Both effects were
detected in nitrogen with small admixture of Os [1]
and in air [2].

The simulations [1,2] were made for STP condi-
tions and for uniform Laplacian field 50 kV/cm. The
results display that in 1-cm gap streamer reaches ve-
locity of the order 4 x 108 cm/s, which is far above the
drift velocity of electrons in the peak field at the tip
of the streamer. Rapid (exponential in time) accel-
eration is accompanied by the exponential expansion
of streamer head in radial direction. In this report
the physical mechanism which is responsible for both
effects is described.

To clarify the physics of these effects 2D simula-
tions of cylindrically symmetric streamer in air in
1-cm gap under applied voltages Vp 40, 50 and 60
kV have been performed. Streamer dynamics was
described within the scope of diffusion—drift model
(see details in [2]). -

Streamer was initiated by a small initial plasma
spot at the anode. Air pressure was 760 Torr, tem-
perature 300 K. Fig.1 shows electron density con-
tour lines for each voltage when streamer length was
about 0.7-0.8 cm. It is seen that expansion occurs
faster in a higher Laplacian field.

A comparison of the rates of the processes have
shown that photoionization is essential only at the
early stage of streamer formation. Streamer behaves
as a flash lamp: it produces photoelectrons in the
gap at the early stage of its formation, and then these
electrons are multiplied in ionizing collisions.

The analysis of structure of streamer head shows
that streamer advancement occurs in accordance
with the mechanism offered by Loeb [3]: a new seg-
ment of streamer is created due to avalanche ioniza-
tion in a thin space charge layer. In this ionization
domain (ID) ionization dominates other processes
and exponential growth of plasma density occurs un-
til time of maxwellian relaxation becomes compara-
ble with the ionization time. Then newborn plasma
“pushes out” electric field towards the direction of
propagation and the process continues.;

Analysis of simulation results shows that ID is

a region where electron density ng ~ 102 ¢m-—3
is converted to the density in the streamer channel
ns 2 10* cm =2 during a fixed time interval (numer-
ical values are related to the air under STP). Thus it
is reasonable to assume that the current position of
the contour line ng(r, z) ahead of streamer coincides
with the outer border of the ID.

The main idea of the proposed mechanism is that
position of ng contour is defined by exponential
growth of primary photoelectrons in the gap and the
shape of the streamer head coincides with the cur-
rent position of the contour line no(r, z). Consider
temporal evolution of axial profile of primary photo-
electrons npn(2z). In strong field this profile exhibit
exponential growth in the undisturbed field. The
point np moves towards the cathode, and the veloc-
ity of this point is streamer velocity.

Evidently, this velocity depends on the shape of
the curve npn(z) (z = 0 is placed at the cathode).
Let npn(z) decreases towards the cathode as a power
of distance from the anode

d—z\"™
npn(z) = no ; z2<d—e

O,

where o, being characteristic scale of the curve, d
is the distance between electrodes. Then, as time

progresses, this profile exhibit exponential growth in
undisturbed field

d _ -m
npr(z,t) = ngp ( Z) exp (—t—)
g, 7o

- where 79 being time of ionization in Laplacian field

Ey = Vo/d. Axial position z(ng) is derived from

o fd—-2\TT" t
Ny =ng e €xp %

and hence the velocity of this point is

] o B

ot mry mry

that is exponentially increases with time. Note that
characteristic time of velocity growth is m times
more than the time of ionization ;. The motion
of the point z(no) is illustrated in Fig.2.
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The velocity (1) does not depend on n.. This
means that all values of n, move towards the cathode
with the same velocity. Hence, to verify this mech-
anism, motion of relatively low level of n, which is
not affected by the space charge field should be ‘mea-
sured’ in numerical simulation.

Fig.3 shows the velocity of the point n, = 103
ecm™3 and the streamer velocity (i.e., the velocity
of the peak field) for the three voltages. It is seen,
that the mechanism described explaines exponential
growth of velocity. We note that in all cases stream-
er moves faster than do the point z(10%). Evidently,
this additional acceleration is related to the space
charge field of the streamer head, which provides ad-
ditional growth of electron density ahead of the tip.

Due to ionization growth the contour ng = 102

cm™3 is expanded in radial direction and the profile
of streamer head follows this expansion. This mech-
anism also clarify the formation of positive streamers
in nonuniform fields. Around stressed electrode there
1s a zone, where field is high and streamer formation
occurs in accordance with the mechanism of expo-
nential growth. When crossing this region stream-
er accelerates and expands. Then in the low field
streamer moves with the constant radius, which was
established in the high field region.

[1] A.A Kulikovsky: J.Phys.D:Appl.Phys. 28 (1995)
2483 _

[2] A.A Kulikovsky: J.Phys.D:Appl.Phys. 30 (1997)
(To be published). :

[3] L.B.Loeb: Science 148 (1965) 1417
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Figure 1: Positive streamer in air in 1-cm gap for three applied voltages: 40, 50 and 60 kV. Shown are electron
density contour lines 10*! ecm~3, 10113, 10'2 and so on. In all cases the outermost level is 10! em=3.
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UV light controlled repetition rate of Trichel pulses

P.Paris , M. Laan, A. Tiirik
The University of Tartu,
Téhe 4, EE2400 Tartu, Estonia

1. Introduction

In our recent studies {1,2] on negative corona in an air
flow, Trichel pulses were triggered by the radiation of a
deuterium lamp of quasicontinuous spectrum (215 - 400
nm) and of low intensity (input power < 20 W). The
experiments were carried out in a 4 cm point-plane gap.
In these experiments the repetition rate (RR) of Trichel
pulses was at every voltage adequately related to the
intensity of UV light: the increase of intensity causes the
increase of RR. The corresponding dependence is
sublinear: while the intensity increases the slope of the
dependence diminishes gradually. A problem arises:
does the further increase of intensity lead to the
saturation of the dependence, i.e. does RR become
independent on the intensity of UV?

At this paper the results of the experiments with a
quasimonochromatic light source of considerably higher
intensity are presented.

2. Experimental

The pulse mode of DC negative corona (Trichel pulses)
is studied in a dust-free air flow. The rate of the air flow
is =4 m/s. The pressure, relative humidity and
temperature are recorded. It is possiblé to change
temperature in the limits of 20°-35°C. Experiments in an
air flow allow to diminish the influence of any possible
accumulation process in the gas medium to the
characteristics of discharge. The discharge chamber is
an aluminum cylinder of inner diameter of 8 cm. The
axis of the point-plane discharge gap coincides with that
of the cylinder. The gap spacing is 1 cm, the point
electrode is a hemispherically capped Pt wire of
diameter of 1 mm. The plane electrode is a brass disk of
diameter of 5 cm, the central part of anode is brass grid
of small mesh size. The plane electrode is stressed. The
stabilized power supply allows the voltage to be varied
with the smallest step of 10 V. The gap is illuminated in
two different ways: (i) the light collected by a quartz
lens is directed along the gap axis through the anode
aperture and focused at the point surface; (ii) the beam
is directed perpendicularly to the gap axis, it is possible
to focus it at any point of the gap. In all cases (if not
mentioned otherwise) (i) is used. The light source is an
excimer lamp (A = 308 nm) excited by a HF (27 MHz)
discharge. The maximum intensity of the focused beam
is 200 pW/em® With the calibrated grids and
diaphragms it is possible to change the light intensity
nearly by three orders of magnitude. It is possible to
record simultaneously the mean current of discharge and

the RR of Trichel pulses. Every point of the RR
presented in the figures is a mean value of at least ten
measurements.

3. Results

When the Trichel pulses are noninitiated (i.e. UV radia-
tion is missing during of the recording of the RR), the
onset depends on the prehistory of the discharge gap. If
the point electrode is not influenced neither by UV
radiation nor by discharge for a long time (20 hours), the
corona pulses start at 9.9 kV. In the case of the
temperature and the pressure of the gas being the same
but the point being previously radiated by UV during
half an hour, the onset of noninitiated pulses lowers to
9.7 kV. Near the onset the RR of noninitiated pulses is
low: it changes from 0.2 pps at 9.7 kV to 60 pps at 9.9
kV. For comparison: for pulses initiated by the UV of
maximum intensity the RR is 6600 and 15000 pps,
respectively. The RR of Trichel pulses as a function of
the UV intensity for the different voltages U and for the
temperature 20.3°C is presented in Fig.1. There are no
qualitative differences between the curves presented and
those recorded for 4-cm gap and described in Introduc-
tion, but the values of RR differ considerably: the RR of
Trichel pulses initiated by the faint source was always
less than 3000 pps. At the constant voltage RR varies in
narrow limits. Even at low values of RR which corre-
spond to the very weak intensities of initiating radiation,
Trichel pulses have a regular character: the error bars in
Fig.2 present the standard deviation of 15 recordings.
Such a stability of noninitiated Trichel pulses is never
observed at so low values of RR.

18000

12000 +

6000 +

Repetition rate, pps

0 0,2 04 0.6 0,8 1
Intensity |, arb. units

Figure 1. The repetition rate of Trichel pulses as a
function of UV intensity
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In the case of other parameters being fixed, the small
changes of temperature lead to large changes of RR. For
more detailed study of the phenomena the dependence
of RR on temperature is recorded while keeping the
production UT (T - abs. temperature) constant. As the
pressure is constant, the reduced field E/N oc UT and the
constancy of UT means the constancy of E/N as well.
Consequently, if RR was determined only by ionization

250 T
U=9.7 kV
200 +
150 +
100 +

56 +

Repetition rate, pps

0 + + t i
0 0,005 0,01 0,015 0,02
Intensity | arb. units

Figure 2. The repetition rate as a function of UV
intensity for lower intensities

processes in the gas medium, RR would be independent
on temperature. The curves, presented in Fig. 3 are
corresponding to different values of E/N, at E/N = const
RR is changing - to higher voltages (as UT = const)
higher values of RR correspond. So RR is dependent
rather on the field E than on the reduced field E/N.

If the gap is radiated by an IR radiation (A =1 - 3 um),
RR is almost the same as in the case of noninitiated
pulses. But the simultaneous action of UV and IR
radiations causes the changes of the RR. The temporal
changes are presented in Fig. 4. As the experiments take
place in an air flow the observed comparatively slow
changes of RR must be caused by the cathode processes.
The interaction of UV radiation with the gas medium
does not change the RR: if the radiation is directed
perpendicularly to the gap axis and it does not hit the
point, no remarkable changes of RR are observed.
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Figure 3. The repetition rate of corona pulses as the
function of temperature, for every curve
E/N=const ;

U=9.33 kV

Repetition rate, pps

Time, s

Figure 4. The temporal changes of the repetition rate
caused by IR radiation

4. Discussion

Experiments carried out at a certain voltage confirm that
RR is controlled by UV radiation in a wide range of
intensities. On the other side: it is stated that the RR is
determined by the space-charge field of negative ions.
At first glance there is no contradiction between the
present experiment and the statement: under the
influence of UV electrons may be detached and so the
radiation changes the RR. But there is a contradiction:
the changes of RR take place only when the radiation
hits the point electrode. i. e. the interaction of UV
radiation with the gas medium does not change the RR.
So, at a certain voltage the emission of the point controls
RR. The latter assumption is supported by curves in
Fig.3: if the processes in the gas were dominating then
the curves would be as straight lines parallel to x-axis.

It is hard to explain the emission by a simple photoeffect
mechanism as there is a strong dependence on
temperature. Besides, the influence of IR radiation to
RR is most likely also the effect of temperature: the
step-like switch-on of IR (Fig.-4) causes the slow
increase of RR. The experiments are carried out in an air
flow. For this reason the IR radiation is not able to warm
up the gas and the observed temporal increase of the RR
can be explained only by the increase of point
temperature.

So it may be concluded that RR at a certain voltage is
determined by the cathode emissivity and UV-induced
emission depends strongly on temperature.

A more detailed discussion and links with other similar
experiments are presented in [2].
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About the positive corona discharge forms in O,-N, mixtures
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1. Introduction

It is well known that under open-air conditionsnegative
point-to-plane corona discharges start as Trichel pulses,
which at high currents turn into a pulseless glow. This
corona form occurs in all O,-N, mixtures at atmospheric
pressure and even well below. The current-voltage
ranges where these corona forms exist vary with the gas
pressure and composition [1]. Negative coronas will not
be treated here.

In the case of positive potential at the point electrode,
the corona in air starts at the corona threshold voltage
with burst pulses, which probably are just trains of
avalanches coupled through gas photoionization. At a
little higher applied voltage pre-onset streamers occur
together with these pulses. With increasing voltage the
rate of pre-onset streamers increases, and then decreases
to zero at the onset of steady burst pulse corona or glow.
At still higher overvoltages streamers again appear,
concurrent with a background of steady positive glow.
Now they are called pre-breakdown streamers. They are
more powerful than pre-onset streamers, and their length
and number per unit time increase with the voltage. If
some of them reach the plane electrode, a spark
breakdown may follow. This is the general sequence of
discharge phenomena in the case of positive corona in
atmospheric air [1].

This positive corona sequence in air can be modified by
changing the geometry of the discharge gap, the
ionization level, air humidity, or the content of electro-
negative impurities. For instance, if one in dry air has a
point electrode, like a wire with a hemispherical tip, and
an external ionization source like UV radiation of
sufficient intensity, then the pre-onset streamers (and
even pre-breakdown streamers) may not occur at all.
The burst pulses then grow with increasing voltage
straight into a steady burst pulse corona. At higher over-
voltages, already the first pre-breakdown streamer may
launch the spark breakdown.

In other cases, with rod points with a sharp conical end,
the burst pulses are too weak to occur and to prevent the
streamers to develop. The corona starts in this case with
streamers, and their length and number per unit time
increase with the voltage till they bridge the discharge
gap. Finally one of the streamers may initiate the
breakdown, i.e., develop into a spark and then, an arc.

For short gaps the pre-onset streamers themselves can
bridge the gap and launch the breakdown (breakdown

type I). If one somehow escapes this and manages to
move into the voltage region of the steady burst pulse
corona in a short gap, then the breakdown could be
reached either by decreasing the voltage (breakdown
type I) or by increasing it (breakdown type II) [1].

One comment is needed in connection with the term
“steady burst pulse corona”. As Beattie [2] has shown,
this is often not a steady corona, but may exhibit high
frequency oscillations in its luminosity and current.
These oscillations may be very regular, or modulated
and fluctuating. Thus the designation “steady burst pulse
corona” may be a better name than the synonymously

used “pulseless glow”, “steady glow” or “Hermstein’s
glow”, '

2. Experimental

We have studied the positive point-plane corona in O,-
N, mixtures over wide ranges of composition and
pressures. The stainless steel “point-electrode” had a 1
mm diameter shaft ending in a 1.5 mm diameter sphere.
The plane electrode was a stainless steel plate with a 5
mm diameter circular probe in its centre. The gap length
was 6.05 mm. The mean currents, I, to the probe and I,
to the surrounding plate, were measured with two light
spot galvanometers. The gap voltage was measured
directly using a digital multimeter (Fluke 77) with a
Fluke 1000 MQ voltage probe. The current
oscillogrammes have been recorded with a Tektronix
digital oscilloscope TDS 540.

The discharge gap was mounted in a metal vacuum
chamber. The gases we used were O, and N, of
technical })urity. The discharge chamber was pumped to
about 10™ Pa and filled with the desired content of O,.
N, was then added to get a mixture at near atmospheric
pressure. Then a positive DC voltage was applied to the
point electrode and increased. The onset voltages of the
different discharge phenomena were registered together
with their mean currents and the current wave forms.
Then the pressure was lowered without changing the
gas, and the procedure repeated until reaching about 1
kPa. The content of O, in the O,-N, mixtures was varied
from zero to 100 %.

3. Results

Our measurements show that in all O,-N, mixtures with
more than 1% O, usually the same discharge forms
occur as in air at atmospheric pressure. For mixtures
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with less than 1% O, a new discharge form is added to
the menagerie: A real pulseless, spiked glow, without
any oscillations in luminosity or current. The light of
this corona mode is concentrated in a conical column
protruding from the point electrode surface like a spike.
At higher currents even two or three spikes may be seen.
A pulseless glow has also been seen by Korge et al [3],
but that was in extremely pure nitrogen. In that case the
discharge occured like a luminous channel bridging the
whole gap of 4 cm length. Most probably the nature of
both these phenomena is the same.

The “living places” of different positive point discharge
forms are best visualized by pressure-voltage diagrams.
Such diagrams were made for all the O,-N, mixtures we
studied, but here only the one for 0.3% O,+N, is shown
in figure 1. More will be presented at the conference.

(-

w
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lb 100
Pressure P [kPa)

Figure 1. Pressure-voltage diagram of 0.3% O,+N,

The lower the content of O, in the O,-N, mixture, the
larger the area occupied by the pulseless glow in the
pressure-voltage plane. In pure nitrogen we did not find
any steady burst pulse corona with oscillations at all. If
the O, content exceeds about 1%, the pulseless glow do
not exist anymore. -

4. Discussion and concluding remarks

Only one pressure-voltage diagram from our present
extensive survey of point-to-plane corona forms in O,-
N, mixtures could be shown in this short paper.
Nevertheless, the figure illustrate all the main corona
types seen in the survey, of course including the hitherto
unreported steady spike.

The mapping of discharge types presented in this work
is a necessary part of our long lasting search for the true
mechanisms behind the oscillations of the positive glow
corona.
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Why are most positive point-to-plane coronas unstable,
and what types of instabilities are operating? Three
types seem to be relevant for the surveyed coronas:

® Quantization fluctuations: One electron entering the
corona ionization region will form an avalanche of
average size given by the gas, field and geometry.
This will be the smallest discrete unit of charge
transport through the region. Secondary ionization
processes may increase this minimum charge
package, and the stochasticity of the processes tends
to give them an exponential (Furry) size distribution.
Thus, at low currents all discharges will consist of
pulses of fluctuating size and intervals.

* Longitudinal instabilities: A stochastic current
change will change the corona space charge
distribution in such a way that the current change is
amplified. This positive feedback will lead to
damped and undamped oscillations following any
current disturbance. This is the mechanism of the
initial stage of Trichel pulse formation in negative
coronas.

* Transversal instabilities: Here, a stochastic current
density increase in some part of the discharge cross
section will increase the efficiency of the ionization
processes in just that part, and lead to further current
density increase and discharge contraction. The
sudden contraction of a spread-out positive glow
corona into a streamer is one example, and the final
rise of a Trichel pulse is another.

All combinations of the above instability mechanisms
are possible.

At present one understands the quantization fluctuations,
and has a fair knowledge about what causes the positive
streamers. In contrast, the causes of the longitudinal
positive glow (or Hermstein glow) oscillations are still
unknown to us. For instance, we still cannot predict
whether the addition of a trace gas of known properties
to a non-oscillating positive corona in argon or pure
nitrogen will induce oscillations or not. We expect,
however, that further experiments and computer .
simulations will produce some answers in time for the
conference.
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Decay rate of excited Xe-atoms in single filament
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Introduction

Dielectric barrier discharges (DBD) in rare gases and rare
gas/halogen mixtures have been investigated for several
years because of their application as UV- or VUV-
radiation source in many technological processes. These
discharges exist between glass covered electrodes at a
broad pressurc range and are often described by the
presence of large statistically distributed micro discharges
(filaments)[1-3]. Excited atoms in the lowest metastable
and resonance state of the rare gas play an important role
in the generation process of excimers. They are the starting
point for many reactions including neutral rare gas atoms
or other excited species for producing the narrow band
incoherent excimer radiation. This paper reports
experimental results about the temporal density variation
of excited species of Xe(°P,) metastable state and the
Xe(®P,) resonance state in a single filament of a DBD in
Xenon.

Experimental arrangement

The method used for the density determination was
essentially the one used by classic absorption experiments
and the principle arrangement is shown in Fig. 1. The
discharge tube for the generation of a single filament was
a special stainless steel chamber with two glass covered
electrodes (discharge gap 1.5 mm) and a gas handling
system. One of the electrodes is movable for the variation
of the electrode distance. The gas filling pressure was
varied from 20 torr to 600 Torr. We generate the DBD in
the chamber by means of sinusoidal power amplifier and a
transformator at a frequency of 16 KHz. Typical voltages
are 2-3 kV (peak to peak) and discharge currents of some
mA. Perpendicular to the discharge axis the chamber has
two glass windows at the brewster angle for determining
the density of excited atoms by means of the absorption
method. The continous radiation of a diode laser is focused
on the discharge gap with a resolution of 200 pum. The
diode laser with a spectral width of less than hundred MHz
operates at the central wavelenght of the optical transition,
whose lower level should be investigated. The transmitted
beam through the discharge gap was measured with a fast
photodiode and detected by a digital oscilloscope (2G
samples/s). If a DBD occurs (typical half width of the
current pulse is about 10 ns) in a half wave of the
sinusoidal sustaining voltage, the laser radiation is partly
absorbed by Xe atoms excited to the metastable level
(823.16 nm) or by atoms excited to the lowest resonance
level (828.01 nm).

Results and discussion
The development of 2a DBD in a half wave 'of the applied

sustaining voltage can be described by a Townsend phase,
the space charge wave, the streamer phase and the
afterglow or recombination phase [4]. In this paper we
report about measurements of the absorption especially in
the afterglow or recombination phase. . »

An example of the temporal behaviour of the density of the
Xe(’P,) atoms is shown in Fig. 2 in a semilogarithmic plot.
The measured temporal variation of the density can be
fitted by a single exponential decay and can be
characterized with a decay rate, which was obtained from
the slope of the semi-log plots of the densities against time.
Fig. 3 and Fig. 4 show the decay rates of both measured
excited atom densities. The pressure range studied was
from 20 to 600 Torr. In Fig. 3 the values of the decay rates
of the density of Xe resonance atoms are compared with
the rates for the quenching of the atoms at the metastable
state and at resonance state according to the reactions [5]:

Xe(’P,) + 2Xe('S) Xe, (1u(’P,) high v + Xe('Sy) (1)

Xe(P ) + 2Xe('Se)™ Xe,(0",) + Xe('Sy) @

The solid lines in Fig. 3 and Fig. 4 represent the decay
rates (in Hz) of Berejny [5], equal to

1/t (ns')=0.649*10"p* A3)
for the metastable state and equal to
1/t (ns")=0.25%10"+ 0.127*10°%p? @ .

for the resonance state.

This comparision suggests, that the decay of the atom
densities in the afterglow phase of a filamentary DBD can
partly be characterized by three-body collisions in a small
pressure range and the agreement is moderately good.

At higher pressures we cannot measure this pronounced
exponential decay of the atom density versus time (Fig. 5),
especially for the excited metastable atoms. Our
hypothesis is, that the decay of the density in the afterglow
phase of the DBD is governed by an additional
repopulation of the metastable state, The source of this
repopulation is quenching of the Xe(°P,) state [5].

Fig. 6 shows the temporal variation of the near infrared
emission( Xe 6p;~6s, Paschen notation) and the time
behaviour of the atom density excited to the meatstable
state. The near infrared emission decays very fast and at
the same time the density of excited atoms at the
metastable state grows. This is an indication of the cascade
transition which determines the density increase of
metastable atoms.
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Theory of Secondary Streamer Generation in Positive Corona

R. MORROW

CSIRO Division of Telecommunications and Industrial Physics,
Sydney, Australia.

INTRODUCTION: The first observations of
streamer propagation were made in the 1930s;
streamer propagation was described as the rapid
movement of a luminous front from a point anode,
across an air gap towards a plane cathode, not
necessarily causing an arc. Since then, observations
of the properties of such streamers have revealed
secondary and tertiary streamer fronts moving
across the gap from anode to cathode [1]. Often,
the current measured for such gaps is in the form
of many pulses, or ‘bursts’ of current. Previous
theoretical results for the propagation of a primary
streamer, most of the way across a positive point—
plane gap {2,3], showed that: (1) as the residual
positive charge in the streamer channel moves away
from the anode, the electric field begins to recover;
(2) ionisation activity can restart.

The type of discharge that occurs due to the renewed
ionisation activity is shown here to depend on the
availability of seed electrons as the electric field
recovers; if few seed electrons are available, then the
electric field near the anode becomes high before
a discharge occurs, leading to the formation of
secondary and tertiary streamers, and consequently
a series of burst current pulses.

THEORY: Theoretical calculations presented are
for the development of secondary streamers (after
the passage of a primary streamer) from the positive
point of a point-plane gap, in air at atmospheric
pressure. The point is a hyperboloid with a ~ 1
mm radius of curvature at the tip, and a gap of 5

cm, with an applied voltage of 20 kV. The streamers

are constrained to move along a 100 pm channel,
allowing one-dimensional electron and ion dynamics
to be used, while the electric field is computed in two
dimensions, with azimuthal symmetry, by solving
Poisson’s equation in cylindrical coordinates. The
electron, positive ion, and negative ion continuity
equations, including ionisation, attachment, recom-
bination, and photoionisation are solved simultane-
ously with Poisson’s equation to give distributions of
electron and ion densities, and the electric field [2,3].

(Note that in the figures the anode is at X = 0 cm,

and the cathode at X = 5 cm. Also, the calculation
is started at t = 0 s with a few seed electrons.)

RESULTS: In Fig. 1, by plotting the axial electric
field at the times irdicated, the propagation of the
primary streamer at the start of the discharge is
shown. When the streamer has stopped propagating
the net charge in the gap is positive [3]; as this
charge moves away from the anode, the electric field
starts to recover at the anode, as shown in Fig.2.
The circuit current due to the primary streamer is
shown in Fig. 3.

After ~ 10 us the electric field at the anode recovers
sufficiently for any free electron to initiate a self-
sustained discharge at the anode. (In the calcula-
tions, the very small, but finite, electron number
densities left in the gap provide seed electrons,
but some time is taken for them to multiply to
significant numbers, simulating the effect of scarce
seed electrons.) A discharge starts at the anode,
and a secondary streamer propagates out into the
gap, as shown in Figs.4 and 5. Because of -the
pre—existing space—charge in the gap the secondary
streamer propagation (Fig.4) is different from that
of the primary streamer (Fig.1); for example, the
secondary streamer amplitude remains relatively
constant. In Fig.5 the anode electric field, just
before the secondary streamer is initiated, is shown
as a “dotted” curve.

The circuit current due to the secondary streamer
(Fig. 6) is an order of magnitude smaller than that
due to the primary streamer (Fig. 3).

CONCLUSIONS: The formation of secondary
streamers in positive point—plane gaps is shown
to be due to the recovery of the electric field at
the anode when the remnant positive space—charge
moves away from the anode. If seed electrons are
scarce, the field becomes large enough for any free
electron to trigger a secondary streamer. Tertiary
streamer formation also occurs.
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Fig. 3 Primary streamer current.
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Transition Times from Glow to Arc and from Arc to Grow
on Inter-Glow-Arc Flip-Flop Transition

Masayoshi Nogaki

Yositaka Suginuma

Dept. of Electrical Engineering and Electronics, Faculty of Engineering, Seikei University

l.Introduction

Transitions of discharge voltage from glow to
arc (G-A) and from arc to glow (A-G) in air (1 atm.),
N,(93kPa) and He+O, ( 93 kPa, O, 20%) were
investigated by many data of discharge voltage
Both Transitions of G-A and A-G have that

first fast transition part is period of about 1 ps and slowly

waveforms.

transition part followed fast it.

2.Experiment

Condition and Procedure

gases: air latm, N, 93kPa, He + O, (93kPa,0, 20%)
anode and cathode : Ag, 4mm ¢, cathode :water cooling,
gap length : 6.0mm, series resistor R:15k Q,

average discharge current I : several 10~300mA.

The discharge waveforms of both Transitions
of G-A and A-G were measured from the point of small
current to the point of large current in order.

The measured discharge voltage was led to
the input terminal of the oscilloscope though the voltage
divider and the delay cable. Both terminals of delay cable
are matched by 1800 Q resistor as the characteristic
impedance of delay cable. The trigger signal of the
oscilloscope was a voltage of near point after starting
point of transition voltage of G-A and A-G. _
The oscilloscope is Tektronix 7844 (max. freq. 400Mhz).
3.Result and Discussion

The model of voltage waveforms for transition
of G-A and A-G is shown in Fig.1. The explanation and
the definitions of each parts in the transition waveform is
written below the Fig.1 . The transition of G-A is the
section between the starting point P, and the final point P,
and one of A-G is the section between P, and P, .

First there is fast transition(P,-P,) then on near point P, it
changes to slowly transition(P,-P,).  In the same way
on the transition for A-G(P,-P;) there is first fast
transition(P,-P5) then on near point Py it changes to
slowly transition(P,-Py).

On G-A we defined the rate & ,, of
voltage(V,,,) per time(t,,,) for first fast transition part.

3-3-1, Kichijyoji-Kitamati, Musashino-shi, Tokyo, 180, JAPAN

G*+A

Fig.1 Model of discharge voltage waveform from glow
to arc (G-A)and from arc to glow (A-G) on FFTGA.

V.V, discharge voltage level of glow and arc
respectively,  V,,,,V,,:voltage of first fast transition
part of G-A and A-G respectively, V,,,V,,:voltage of
second slowly transition part of G-A and A-G
respectively, t,;,t,,: period of first fast transition part
of G-A and A-G respectively,  tt,, :
second slowly transition part of G-A and A-G

voltage of

respectively, P,, P, : starting point of G-A and A-G
respectively, P;, P, : ended point of G-A and A-G
respectively, P,, Ps : switching point of change from

fast to slow of G-A and A-G respectively.

And the rate § ,; of voltage(V,,,) per time(t,,,) is also
defined for later slowly transition. On A-G in the same
way, their rates & ., and § ,, were defined for first
fast transition and second slowly it. Thus their equations
follow: & o=V /te, & g2= Vea! L,

g agt = Vaglltzgh g g:2=; V:gZ/ tagz.

On G-A and A-G, the characteristics of the -
time T,,, and t,;; - are shown in Fig.2. Both times of toar
and t,; are 1.0 ~ 1.7 ps when the current is low (I=70
mA). When the current is middle (I=150 mA), t,,, and tagt
are 0.2 ~ 0.5 ps. And when the currents are large (I = 260
mA), t,,; and t,,; are 0.2 ~ 0.5 ps. In all gases of Air, N,
and He+O,, t, and t,, decrease with the increase of
discharge current.

On G-A a second slow transition part is
continuously, .after the first fast transition ended. The
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second transition time is further longer than the first
transition. There is a moment that a A-G transition
happens on the way before second slowly transition
gets to the final point P;. On that occasion, the discharge
voltage does not reach to Va, it is Va’. On that case, V,,,
and {,,, do not reach the final value but they are V,,,” and
ter” (these values on the way), because the arc is yet in
complete. And V,,,” and t,,’ have various values. We
define & ..’ = Vy'fty,,” for a set of V)’ and t,,,’ like
the & .., was defined before. Then the characteristic
of & . -tg,,’ is shown in Fig.3. The maximum value of
t.o' is the final point P; of transition to arc, and the
maximum t,,,’ is final value of the tg,, in Fig.3. The
minimum & .,,’ becometo & ,,, and V,, is calculated
by the equation V., = § ., X t, too. On the
result, the tg,, is 200 ~ 400 ps, and the § _,, is 0.3 ~0.6
V/us. Therefore, V,, was 60 ~240 V .

On A-G a second slow transition part also
make for final point P, past a point P; after the first fast
transition. There are that many start points P, of G-A
happen before the slowly second process get yet up the
point P,.
the start point of G-A(P,). Therefore V,,,’, t,,’ and
€ .2 are obtained for Ps and P’ so that the unfinished

In these cases, they define final point P4’ for

transition A-G ( Os-P;’ ) happened. A characteristic
of & ' vs. t,;»’ is shown in Fig. 4. It was determined

t,, for the maximum value of t,,,". And the & ,;, equal

18—
“
A 15
Sf ‘air, | N2 [Het0y
- toat| ® | m | A
E (0 tegi| 0 |a | &
- =
05— y .
o \0_
o\\ .
I R R

%56 100 200 300
average discharge current 1 (mA)

Fig.2 period of time on first fast transition parts t
I characteristics for G-A and A-G

galy ta\gl

to &, of the t,,,,  On Fig4 t,, are about 200 ps
and & ,,, is obtained about 0.1 ~0.3 V/ us . Thus Vi
are 20 ~60 V.

-
) air | N2 He0d
E 5 @|alo
ES
N o t,a: 2
© 200~400ps
8 11— ——
£ 5 :’ o “I 63&2:—'
a ‘o . 03-06
e \Y Vi
o L ]
3 5 10 B S0 100 500
period t,,’ (us)
Fig.3 rates of transition voltage per its transition times

& g’ vs. its times t ., on slowly transition parts of G-A

oft—
Fig.4 rates of transition voltage per times & a2’ VS. its

times t,;, * on slowly transition part of A-G

4.Conclusion

On the measurement of discharge voltage, both
transition of G-A and A-G have the transition of first fast
part and second slowly part in high pressre gases of about
1atm.. On both transition , the period of first fast part is
about 1 ps and the period of second slowly part are 200~
400 ps.
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Volt-ampere characteristics of pulsed
hollow cathode- hollow anode discharges

Srboljub Glisi¢, Jelena V. Zivkovié, Aleksandra I. Strini¢ and Zoran Lj. Petrovié

Institute of Physics, University of Belgrade, POB 57, 11001 Belgrade, Yugoslavia

1. Introduction

Hollow cathode, hollow anode discharges operating to
the left of Paschen minimum are often known as
pseudo spark discharges [1]. These discharges have
complex behavior that is often beyond explanation and
further experimental and theoretical work is required.
In this paper we present experimental results for
voltage - current characteristics of the pulses in
hydrogen, nitrogen and argon which were obtained by
application of a di/dt probe with a very wide
bandwidth thus providing us with an opportunity to
make a higher resolution recordings of the voltages
and currents than the data yet available in the

literature.
2. Experimental setup

The pseudo spark device used here has a standard
cathode - anode geometry. The hole diameters in both
electrodes was 8.4 mm and the thickness of the walls
was 7 mm. The gap between the two electrodes is
very small 2-6 mm allowing operation well below the
Paschen minimum at high breakdown voltages.
Discharge pulses are initiated by an overvoltage. A
14 .8 nF capacitor was used to discharge through an
overdamped circuit. Standard high frequency high
voltage probe was used to record the voltage
transients. A special di/dt probe was put close to the
flat (strip) connection on the grounded side of a quick

RLC discharge circuit. The bandwidth of the probe

and the overall detection system exceeds 100 MHz.
The discharge chamber was evacuated by a diffusion
pump to some very low pressure and a gas flow at a
constant pressures between 50 and 20 Pa was

maintained by a leak valve.
3. Results

Discharges could be operated in a single shot and in
repetition regime. Paschen curves were recorded for
all gases and showed different modes of operation
corresponding to different available voltage. A narrow
region with hystheresis (it occurs at 29 Pa and is only
0.5 Pa wide) was observed with the transition to the

high voltage- superdense glow mode.

During the hollow cathode phase the plasma acts as a
virtual anode [1] giving large current density beams of
electrons [2] which are accélerated in the high
interelectrode fields. In the superdense glow phase
extraordinary emission of electrons from the cathode
surface occurs. This is the result of an intense ion -
cathode surface interaction. Most studies were
concerned with the occurrence of superdense glow as
a function of capacitance that discharges through the
system and material of the electrodes. If the system

cannot sustain the high emissivity of the cathode

surface, current quenching occurs [3,4].

Our technique allows us to give a reliable current and

di/dt waveforms required to describe both the beam
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and the superdense glow development as well as the

current quenching process.

Three distinct modes are observed in voltage and
current pulses. At highest pressures current pulse is
smooth with relatively low peak values. At somewhat
lower pressures, pulsed voltage and di/dt and
consequently i(t) waveforms show development of the
hollow cathode discharge and beams of electrons
followed by numerous oscillations. A pronounced
quenching occurs at the end of di/dt pulse. The peak
current, however, is only a factor of 2 higher than that
in the higher pressure mode. A further small decrease
of pressure of the order of 5 Pa leads to a dramatic
increase in breakdown voltage of a factor of more than

2 and almost a factor of 10 in current. The waveforms

_for this mode are shown in Figure 1. The increase of

the current in this case is rapid following a small peak
due to e beam, with only very few oscillations

associated with the onset and the end of the current

pulse. The discharge shows all the characteristics of .

superdense glow which occur in pseudo spark

switches. The maximum current growth is of the order

of 10" A/s even with a low capacitance used in our

experiment and is an order of magnitude larger than in
the moderate pressure range. The current quenches
when potential drops below 1.5 kV which appears to
be the threshold to sustain the superdense glow in our
system. The transition between the two modes is very

well defined on the Paschen curve.

4. Conclusion

In this paper we have shown the voltage and current
pulses in low pressure hollow anode, hollow cathode
pulsed discharges that correspond to the pseudo spark

switch geometries. Oscillations associated with the

development of the superdense glow stage of pseudo
spark discharges are observed as well as current
quenching. Quenching occurs due to a failure to
develop the superdense glow or due to the failure to
supply the discharge with sufficient charge from the
capatitor to maintain the required voltage which in the
case of hydrogen and the geometry of our apparatus
appeéirs to be 1.5 kV.

100
sl
20 2
0 g
: 9 H
S s %
g of ~
30 3
20 3
1} 3
ol
a0 L~ . L L - L L | gp9
40087 -S.0087 4.00B7 -3.00B-7 -2.00B87 -1.00B-7 284B-14 1.00B-7
time /o/
Figure 1 Lower solid curve - di/dt; upper solid
curve- voltage; dashed curve- current.
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Investigation of the role of nitrogen impurities on the behaviour of an
atmospheric-pressure glow discharge in helium
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I. Introduction

Even though the existence of an atmospheric-pressure
glow discharge controlled by a dielectric barrier has
been demonstrated for a long time [1) in helium, the
fundamental mechanisms controlling this type of
discharge have not been, till now, clearly understood.
Recent experiments suggest that residual impurities such
as nitrogen and oxygen play a very important role in the
existence of a stable and periodic discharge. As helium
has metastable states with an energy threshold of the
order of 20 eV, it can easily transfer a large part of the
energy stored in these states to ionise molecular
impurities. This is the well known Penning effect which,
obviously, cannot occur in pure gases. At atmospheric
pressure, helium excimers are formed in the discharge.
These excimers, through dissociation, are able to
produce photons with an energy of the order of 15 eV.
No photoionisation processes can occur in pure helium
but, clearly, nitrogen or oxygen molecules can be
ionised by these photons. It is therefore likely that an
increase of the percentage of impurities in helium will
also increase the importance of the ionisation process.
However, as in most usual experimental situations the
percentage of helium impurities is lower than, say 500
PPM, in this work, we will ignore the photoionisation
process and we will only consider the role of the
Penning effect. Furthermore, for simplification, we will
only consider the influence of nitrogen impurities.

II - Description of the physical model :

To carry out this study, we use a numerical model based
on the solution of the continuity equations for electrons
and ions coupled to the Poisson equation. The
accumulation of charge on the dielectric as the discharge
propagates is carefully taken into account. Furthermore
as the discharge is followed over times of the order of
several microseconds, the motion of neutral excited
species must be considered through the solution of
diffusion equations. These equations are solved
simultaneously with the equations for charged particles.
The model is one-dimensional and gives the time
variation of the total current, of the gas voltage and of
the memory voltage (see [2]). Space and time variation
of most physical quantities (electron, ion and neutral
densities, electric field , etc) can also be obtained.
Emission of secondary electrons at the cathode is
assumed to be due to the impact of various ionic species.
In this work, three different ionic species are considered
i.e. atomic helium ions, He', molecular ions, He: and

Direct processes
I-He+e — He'+e+e
2-He+e —> He(2'S) +e
Reaction rate
Three-body interactions

3-He'+2He —> He, +He 6.3 10" cm's™
4-He,' + e + He — He,*+ He "5107 cm’s™”
5- He(2’S) + 2 He = He,* + He 2.510™ cm’s™”
Recombinations

6-He'+e — He+hv 210" cm’s”
7-He'+2e —> He+e 7.110™ cm’s”
8-He' + e+ He — He* + He 1107 cm®s’
9-He,"+e—> He* + hv 510" cm’s*
10- He," + e —> He(2'S) + He 510° cm’s’
11-He,'+2e—> 2He +e 210” cms"
12-N,"+e—> N+N 4.810* cm’s®
13-N,'+2e—> N, +e 1.4 10" cm’s™
Two-body interactions

14- He(2'S) +e —> He +e 2.910” cm’s”
15- He(2’S) + He(2'S) — e + He' + He 2.9 10° cm’s”
Penning ionisation

16- He(2’S) + N, —> N, +He + ¢ 810" cm’s*

Table I : Various reactions and reaction rates used in this
work

N; . A simplified kinetic scheme is used for helium in
which only the first metastable state H,(2°s)is taken into
account. According to the reactions given in table I, this
metastable state is created by direct electron-atome
excitation (2), after recombination between an ion
He; and an electron (10). Population of the 2°s state by
cascade effects not being considered in this work, it is
likely that our calculations underestimate the rate of

-production of this metastable state. Destruction of this

state occurs through two-body (14-15) and three-body
(5) interactions. Three types of recombination processes
have been considered for every ionic helium species
including two-body (6) and three-body (7-8)
recombination. Three-body recombination plays an
important role in our case since the gas is at atmospheric
pressure.

All the reactions taken into account, together with the
corresponding reaction rates, are given in table I.

The drift velocity of the electrons, the diffusion
coefficients and excitation and ionisation frequencies
were calculated using a numerical solution of the
Boltzmann equation.

XXTI ICPIG ( Toulouse, France ) 17 - 22 July 1997




Drift velocity and diffusion coefficients for ions were
obtained from [3]. The secondary emission coefficient
was assumed equal to 0.02 for helium ions and to 0.01
for nitrogen ions.

IITI - Results :

The calculations were made in standard experimental
conditions [2] i.e for an applied voltage of amplitude
1200 volts, a frequency of 10 kHz, a gap distance of 0.5
cm. The thickness of the dielectric on the electrodes
was 0.06 cm The radius of the electrodes was 2 cm.
Different percentages of nitrogen in helium were
investigated ranging from 5 PPM to 500 PPM.

Figure 1 shows, for two cycles, the variation of the
various electrical parameters (i.e. the discharge current,
the applied voltage, the gas voltage and the memory
voltage) for 500 PPM of nitrogen in helium. A stable
periodic state was clearly reached in which the various
electrical parameters were reproduced every half cycle.
Furthermore, a very special shape for the discharge
current was observed in which a fast varying part
corresponding to the main discharge current is followed
by a slowly decreasing tail. This particular shape can be
compared to the experimental results of Massines et al.
[2]. However, in the present case, the width of the
current pulse is longer and its amplitude lower. This
difference is likely to be due to our simplified physical
scheme in which, as no cascade effects are taken into
account, production of metastable states s
underestimated. The results can also be compared to the
calculations of Ben Gadri et al. [4]. These calculations
were made in pure helium. However, to obtain a stable
discharge, an overestimated high recombination
coefficient was used. In these conditions, the width of
the current pulse was very narrow and no slow
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Figure 1 : Applied voltage, gas voltage, memory voltage and
discharge current for 500 PPM of nitrogen in
helium (over two cycles of the applied voltage)

decreasing tail was observed. Clearly the particular
shape obtained in our present calculations comes from
the influence of the Penning effect (16) in the creation of
new electrons following the interaction of helium
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Figure 2 : Applied voltage, gas voltage, memory voltage and
discharge current for 10 PPM of nitrogen in helium
(over three cycles of the applied voltage)

metastable state with a nitrogen molecule.
As we decrease the percentage of nitrogen in helium, the
discharge becomes increasingly unstable. For nitrogen
concentration lower than 500 PPM and higher than 10
PPM, the discharge is reproduced every two cycles. For
10 PPM the discharge is neither stable nor periodic.
Figure 2 shows the results obtained in this case. Current
pulses of different sizes occur corresponding to very
different gas voltages.
This strong difference between successive pulses comes
from the fact that, for low nitrogen concentrations, the
production of electrons by Penning effect being very
small, the loss of electrons by recombination becomes
higher than the production rate. Consequently, after a
certain number of small amplitude pulses, the number of
electrons between two pulses is so small that the gas
voltage must be strongly increased to obtain a new
pulse. This is for example the case of the fourth current
pulse in figure 2. For a concentration of 5 PPM no more
current pulses can be observed.
From these results, it is then clear that a sufficient
amount of impurity must be present in an atmospheric
pressure glow discharge in order to maintain a sufficient
number of electrons between two current pulses to have
breakdown starting at low gas voltage. It follows that no
atmospheric pressure glow discharge can then be
obtained in completely pure helium.
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SPATIOTEMPORAL EVOLUTION OF GAS TEMPERATURE IN A
CORONA DISCHARGE

A.R. de Souza*, M.Touzeau, E. Marode and N. Deschamps
LPGP-Université Paris Sud-91405 Orsay/France
* LABMAT/EMC/ UFSC-88041-900 Florianopolis/SC/Brazil

1.Introduction

Corona discharges in air is a well known mean
for applications such as ozone generation [1,2,3]
air pollution control [4,5].

One fondamental problem in order to
understand the physical and chemical properties of
theses discharges is the evolution of the gas
temperature during the development of the
streamer and it’s filamentary high pressure positive
column (or secondary streamer). In particular this
knowledge is necessary to model the ozone
production in this type of discharge. The
importance of this question has already been
pointed out Spyrou et al [6,7].

In this paper we present the evolution of
the rotational temperature in a positive point to
plane discharge with a time resolution of 5ns and
a space resolution of 100um by a spectroscopic
technique. Rotational temperatures T, are derived
from the (0,0) band of the second positive nitrogen
group Ny(C’TL, - B’IT,) at 337 nm.

2.Experimental

The experiments are performed in a cell
containing synthetic air. After each experiment, the
gas is changed in the cell.

The anode of the discharge is a Rhodium point
with a radius of curvature of 50 um and a copper
plane having a diameter of 10 mm and a gap length
of 12 mm. The discharge filament is focused
perpendicularly to the slit of a HR640 Jobin Yvon
monochromator with a magnification of 1. From
the positive point self repetitive streamer
discharges are launched with periode in the range
of 60 to 120 ps. The signal is analysed with a fast
photomultiplier on a 2 channel digital analyser
(Tektronics ) triggered by the discharge current
pulses.

By means of oscilloscopic averaging, the
intensity spectrum between 335 and 337.4 nm is
recorded with a step of 0.05 nm and a spectral
resolution of 0.1 nm. With various sets of data,
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we are able to build the spectral emission of the
337 nm band during the development of the
discharge. The temperature is then deduced by
fitting this spectrum with a calculated synthetic
spectrum based on the same apparatus function
[8,9]. An example is given in fig.1.

3. Results

When observing, with a slit, a specific position
of the discharge axis, the intensity of the 337 nm
band exhibits two peaks corresponding to the
streamer passage followed by the emission of the
filamentary positive column (figure 2, plain). The
time resolved rotational temperatures show rapid
changes in time (figure 2, black points). It is taken
9 mm from the negative plane at 10.8 kV with a
repetition rate of 70 us and an energy per pulse of
14 pJ. Tr is of the order of 380 K for the streamer
while, after a pronounced dip, the temperature
increases again until reaching values of the order
of 400 K. It is remarkable that the temperature dip
goes to 315 K in a time as small as 20 ns.

The maxima of these two peaks are ploted
as a function of positions from the cathode on
figure 3. Streamer maxima are in white circles,
while squares are maxima of the filamentary
column. It is seen that the intensity of the streamer
is maximum near the plane while the intensity of
the filamentary positive column is maximum at a
complementary region, near the point. This
behavior has already be explained in [10].
From the emitted light, integrated in time, the mean
value of the rotational temperature is found to be
constant all along the gap, increasing slightly near
the positive point electrode. This temperature
increases from 320 to 450 K when the voltage
increases from 8.5to 11 kV.

In contrast with the result presented heren, the
difference of values of Tr between the streamer
and filamentary column are very different in [6,7]
for a gap slightly larger (15mm). In addition the
mean Tr values along the discharge axis are
changing in [6,7] while it is roughly constant
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here. The time resoution of Tr is here larger, since
it is possible to compare the streamer and column
Tr’s for the same discharge.

4. Discussion and Conclusion

A critical analysis should now be developped
before stating that the rotational temperature is
equal to the gas temperature. Certainly, Tr is not
far from T. However, the measured Tr changes so
rapidly in time that the interpretation can not be
straightforward. Cooling down, through simple
thermal cooling, is not possible, since the
associated time constant lies in the range of 50
microseconds. A possible explanation could be that
the very fast decrease of the gas temperature, just
after the streamer passage, is due to a strong
streamer channel expansion, which induces some
adiabatic channel cooling [11]. This is under
investigation.
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Breakdown Development at High Overvoltage: Electric Field,
Electronic Levels Excitation and Electron Density

N.B.Anikin, S.V.Pancheshnyi, S.M.Starikovskaia, A.Yu.Starikovskii

Moscow Institute of Physics and Technology, Dolgoprudny, 141700, Russia

1. Introduction

Pulsed discharge at high overvoltage develops in the
streamer form or it the form of fast ionization wave
(FIW) [1]. In spite of common features of plasma
created the main distinctions between these types of
breakdown are spatial homogeneity and high repro-
ducibility of the FIW unlike the streamer. It seems to
be useful to understand basic features of breakdown
development at high overvoltages by the example of
FIW. In this work electric field in FIW front and
electron concentration behind the front are restored
from the experimental data. Electronic levels popu-
lation dynamics analysis is performed on the basis of
reduced electric field values.

2. Experimental setup and restoration
procedure

Negative polarity voltage pulses with U=15.5 kV pe-
ak pulse amplitude, 40 Hz repetitive frequency, 25 ns
duration and 3 ns rise time were used to initialize
the FIW. Glass discharge tube of 60 cm length and
1,75 cm inner diameter with the plate electrodes at
the ends was surrounded by coaxial metallic screen
6 cm in diameter.

Modification of electrical signal along the tube
was monitored with the aid of capacitance detector
at intervals of every 3 mm along the tube axis. Space
sensitivity function of capacitive gauge was deter-
mined from the special experiment. Irradiation from
discharge was detected using time resolved emission
spectroscopy technique. Experiments have been per-
formed in air for the pressure range 1-16 Tor. Pres-
sure range was taken to be optimal for the FIW prop-
agation at the high voltage pulse parameters men-
tioned before.

The main idea of the restoration procedure was
based on the suggestion of axial symmetry of break-
down [2]. In the symmetric charge system signal on
capacitance detector V(z4) placed in the point zgq is
defined by charge per unit of length g:

+00
V(zq) = / g(z)fa(z — zq) d=x (1)
—00
Here f4 is spatial sensitivity function of the detector,
z — coordinate along the discharge tube. Charge dis-
tribution in the system may be founded through the

reverse task solving. Then average in the discharge
tube cross-section longitudinal electric field will be
expressed as

]
E(z4,t) = / (Ttl(%sign(zd—z)dz, )
-1 ’

where double halfwidth of f; was taken as an inte-
gration limits: | ~ 2A;. Singularity at z = z4 was
eliminated through analitycal expansion of function
under the integral.

Electrons concentration behind the FIW front at
the point zg may be restored in the drift approxima-

tion on the basis of longitudinal charge and electric
field data:

o0
1 dg(z,t)
peeE(zo,t) dt dz. ®)
zg

n.(zo,2) =

Here p. — electron mobility, e — charge of electron.

3. Results

It was founded that electric field profile vs time is
asymmetric. It rises up to peak value during 3-4 ns
and drops during ~2 ns, after that smooth diminu-
tion up to zero or, alternatively, secondary maxima
observed depending upon pressure.

10

E/PV/(cmTor) ' Fig.l

¥ P, Tor

1 10

Peak values of reduced electric field in the cross
section 20 cm spaced from the high voltage electrode

0.1
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for the different pressures represented on the Fig.1,
curve (1), may be approximated by power depen-
dence: E/P = 4.3P~%32kV/ (cm - Tor). On curve
(2) of the same picture E/P maximum value re-
stored without detector sensitivity function consid-
eration (at the fy = §(z — z4)) is represented. E/P
peak value is diminishes strongly with the pressure
growth. It must influence sharply on the energy
distribution direction in the discharge. Really, at
the P=16 Tor maximum reduced field reaches 4.5
kV/(cm - Tor) and, so, exceeds critical value for the
“runaway” electrons. On the contrary, at the P=16
Tor peak E/P value reduces to 0.5 kV/ (¢cm - Tor)
and corresponds to effective ionization and electronic
levels excitation.

It 1s of interest to compare time dynamics of elec-
tronic levels population with the electric field stre-
ngth data. We controlled shapes of ionic transition
No*, B’S} — X25} and N,, C°ll, — B%II, tran-
sition countours temporary evolution in the FIW
at different pressures. Figure 2 shows the time T
while radiation intensity growths from 0.1 of its max-
imal value up to the maximum. Curve (1) corre-
sponds to the second positive system of nitrogen (A =
337.1 nm), and curve (2) corresponds to the first neg-
ative system (A = 391.4 nm).

3 9 o
. \ . |P, Tor

0 5 10 15 20 25

At low pressures levels with different excitation
energy (e;- = 18.75 eV for 1~ and e+ = 11.03 eV
for the 2+ system) are populated during practically
the same time. It means the absence of selectivity
of energy distribution between these two channels.
With the pressure growth rise time of radiation be-
comes much more smaller for the 1~ system than for
the 2+,

From the electric field and electronic levels popu-
lation dynamics it may be deduced that at low pres-
sures, where maximum E/N exceeds significantly
critical value for run-away electrons arising, electron
energy distribution function (EEDF) in the nonelas-
tic processes energy region remains practically the
constant. It leads to the loss of selectivity in the

energy distribution processes.

Pressure increase from 0.3 to 4 Tor tends to the
reduced electric field diminution from 10 to 1.5 kV/
(cm-Tor). As this take place, “runaway” criterion
is true only in the narrow zone of FIW front where
electric fields are maximum. The fall of the EEDF
in the nonelastic thresholds region becomes signif-
icant and leads to the strong dependence of elec-
tronic level population velocity vs its energy thresh-
old. NF(B2L}) - level is populated with character-
istic time ~ 3 ns. It coincides with the halfwidth of
electric field pulse in the FIW front. To the contrary,
N2(C311,) - level population takes place all the time
until pulse back front come in the cross- section, that
is population extends over the approximately weak
fields behind the FIW front. .

Ionization degree behind FIW front represented
in the form a = n./N, where N is neutral gas denmty
is shown on the Fig.3.

1 . 10
ITonization degree diminishes with pressure, while
electron concentration reaches its maximum value
1.2+ 10" cm™3 at the pressure, correponding to the
maximum of FIW front velocity.

4. Conclusions

Thus, correlation between electric field and electronic
levels population velocity in the FIW front has been
demonstrated on the basis of experimental investi-
gation. Electron concentration behind the front of
ionization wave has been determined. This work was
supported in part by grants 96-03-327/6 and 96-02-
18297 from Russian Basic Research Foundation.
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Spatial Homogeneity of Plasma Created by Fast Ionization Wave in
the Big Discharge Volume.

S.M.Starikovskaia, A.Yu.Starikovskii, D.V.Zatsepin

Moscow Institute of Physics and Technology, Dolgoprudny, 141700, Russia

1. Introduction

Different types of discharges are nowadays widely
used for technical applications: plasma etching, ma-
terial deposition and so on. One of the main prob-
lems remains spatially uniform discharge production
in the hig vclume of the gas.

It is known that at the great overvoltage on the
discharge chamber electrodes breakdown develops in
the form of fast ionization wave (FIW). Due to high
velocity and non-local character of propagation FIW
allows to obtain relatively uniform nonequilibrium
plasma in the big volume of gas at the time moments
~ 10~ s. The most characteristic features of FIW
breakdown for the pulse altitude U = 15 + 30 kV
and few nanoseconds rise time are the follows: FIW
front velocities v = 103—10° cm/s, electrons density
behind the FIW front n, ~ 10!! = 10'2 cm™3, pres-
sures P = 0.1 <+ 50 Tor, reduced electric field values
E/N =107 +10~' V.cm®. Obtained plasma may
be interesting both for technical applications and el-
ementary processes studying.

The principal question in the FIW investigation
is the role of discharge chamber walls in the FIW
development and propagation [1]. Up to now FIW
propagation studied in the long discharge tubes or
in the high- ionized channel of laser spark, where
cold gas around the channel play the role of the dis-
charge sell walls. At the big diameter of discharge
tube it is possible to choose experimental conditions
so that discharge will be uniform in the cross- sec-
tion of the discharge chamber. In [2] it was shown
for the 5 cm diameter discharge sell. The only work
is known {3] where FIW was studied in the conical
glass shell 28 cm in diameter and 50 cm in height
by the electronic- optical camera with nanosecond
temporary resolution.

The aim of this work — more detail analysis of
spatial homogeneity of discharge propagated in the
form of fast ionization wave in the big volume dis-
charge chamber.

2. Experimental setup and restoration
procedure

Experimental setup is presented on Fig.1l. Discharge
in the form of FIW was organized in the cupola glass
chamber 40 1 in volume. High voltage stainless elec-
trode 20 mm in diameter was surrounded by section

of glass tube 35 mm inner diameter. Low voltage
grounded electrode 200 mm in diameter was placed
at 350 mm from the high voltage electrode. Diame-
ter of the lower plate of the discharge chamber was
370 mm. Discharge volume may be pumped to the
pressure P ~ 10~2 Tor,

High voltage electrode was connected with pulsed
voltage generator (PVG) by coaxial cable with 50
Ohm wave resistance 10 m in length. Cable screen
was coupled to the grounded electrode by a copper
bar.

Discharge volume was pumped to the pressure
10~3 Tor by oil pump end then filled by air or nitro-
gen through the special hole in the grounded elec-
trode. Pressure was registered by pressure gauges
PMT-2 and 6MDx4S.

;‘ !: % } PVG

Current Shunt

PS

Diaphragm

M prevs

Discharge Volurhe

na— Cros]
l {Oscilloscopd S9-4A]
Pumping

Fig.1: Exberimental setup.

High voltage negative polarity pulses with 15.5
peak pulse amplitude, 25 ns duration and 3 ns rise
time from the pulsed voltage generator were applied
to the electrodes with repetitive frequency 40 Haz.
Voltage pulse parameters were controlled by cali-
brated low-inductive current shunt included in the
coaxial cable connected PVG with a discharge cham-
ber. Cable screen was connected with the grounded
electrode by copper strip.

The velocity of FIW front propagation in direc-
tion from high to low-voltage electrode was measured
through the luminescence front propagation control.
Emission from the discharge volume was registered
by photomultiplier FEY-87 (300 — 600 nm spectral
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region) moved along the axis of the discharge volume.

3. Results

At the pressures 10~2—10 Tor in air it was observed
either discharge conically filled space between elec-
trodes or barrel form discharge. At 2-5 Tors visually
spatial violet shining was observed. With the dimin-
ishing of pressure shine region near the discharge sell
axis arose.

Dependencies of emission intensity upon the time
for the different distances are represented on Fig.2.
Measurements were made at 20 mm intervals in verti-
cal direction. Maximum of intensity is reached after
a 10 =15 ns after high voltage is applied to the elec-
trodes of discharge chamber. Sharp diminishing of
the emission intensity was observed as distance from
the high voltage electrode increased.

I, arb.un.

Fig.2: N2(C3M) —N2(B3I1,) system emission intensity
during discharge development along the discharge axis.

FIW front propagation was determined from the
H —t diagrams of the optical emission on the base 0—
18 cm from the high voltage electrode at the pressure
2 Tor and 0-32 cm at the lower pressures. At the P =
2 Tor delay of the FIW velocity was observed. In all
the cases FIW amplitude attenuation was detected at
the motion from high voltage to grounded electrode.

Dynamics of emission in the cross section of dis-
charge chamber have been obtained at distances 12.5
and 25 cm from the low voltage electrode. In the
both cross sections emission dependency has strong
maxima upon the time and radius. Increasing of the
emission with time ( 40 ns from the moment of FIW
reach the cross-section) corresponds to the registra-
tion system aperture fulfillment and emission inten-
sity increasing in the every point of discharge volume
due to finite curvature and duration of FIW front.
Decay of the emission explained by the finite time

of electronic levels excitation in FIW and radiative—
quenching depopulation of these levels (Fig.3).

Fig.3: N2(C3I1) —N2(B3I1,) system emission intensity
during discharge development in the cross-section 12.5 cm
from low-voltage electrode.

Maximum of emission intensity dependence upon
radius is related to the diminishing of the FIW inten-
sity with the distance from the axis and simultaneous
diminishing of the optical length of gas gap. Real
emission intensity distribution I(R,t) in the cross-
section may be restored through the reverse task
solving. It was obtained that intensity of the emis-
sion drops very smoothly: intensity from the regions
near the walls was only 15-20% less than from the
center of discharge volume: (I(Ro,t)/1(0,t) ~ 0.8)
in the both cross-section studied.

4. Conclusions

Thus, opportunity is demonstrated to realize free
boundary fast ionization wave in the big volume of
the gas. Obtained plasma is characterized by high
spatial homogeneity.

This work is particularly supported by Russian
Foundation of Fundamental Researches (Grants N
96-03-32746 and 96-02-18297)
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Plane VUV optical source on the base of multi-channel sliding discharge.

V.LTcheremiskine, M. L.Sentis, Ph.C. Delaporte

Institut de Recherche sur les Phénoménes Hors Equilibre, UMR 6594 CNRS, Aix-Marseille I and II Universities,
Campus de Luminy, case 918, 13288 Marseille Cedex 09, France

L.D.Mikheev and V.S.Zuev
P.N.Lebedev Physical Institute, Quantum Radiophysics Department, Photochemica! Processes Laboratory, Leninskiy
prospekt 53, 117924 Moscow, Russia.

1. Introduction

High-current cpen discharge is one of the most
powerful laboratory sources of radiation in the VUV
spectral region. lts application to optical pumping of
photolytically excited laser mediums allows to obtain
high output and specific laser energetic characteristics
[1-3]. A variety of initiation techniques, such as
electrically exploding wires [1,2], formed-ferrite
surface discharge [4] and dielectric-barrier discharge
[3,3,6] are applied for spatial and temporal stabilization
of open discharges. The last-mentioned method is
commonly used for preionization, as plasma electrode
[7], or for direct excitation in gas lasers. Its main
advantages are the possibility of pulse periodic
operation and achievement of large area discharge
plasmasheetformation.However,dmtothetelaﬁvely
low electric current density in the plasma sheet, this
typeofdischatgehasalowbrighm&tempemtumin
VUVbeingtranspaxentinthisspemalmgion[S].
Thcmaingoalofwrworkwastodevelopalargeam
VUV radiating plasma source on the base of multi-
channel sliding discharge along the surface of dielectric
material. This approach allows to increase the electric
current density in the discharge channels (relatively to
the plasma sheet) which results in plasma electronic
and optical densities rise that leads to the increase of
dischargebrighmastemperauueinVUV.Thespatial
expansion of plasma channels during the excitation
pulsewillludtoobtainingsuﬁcientlylargemdiaﬁng
area if the channels are formed closely to each other. It
should be noted that an optimum of plasma channels
arrangement density exists for fixed experimental
conditions which is set by dependence of discharge
energetic parameters on the number of the channels.

2. Experimental setup

Schematic of the device is introduced on Fig. 1. A
scheme with three electrodes is chosen in order to
obtain simultaneous breakdown of seven parallel 15 cm
length 8 mm spaced discharge channels. High voltage
and ground electrodes are fixed on the opposite sides of
the Teflon substrate and are connected with the energy
storage capacitor (C, = 0.22uF) by current return metal
rods which are located at 1,5 mm under the dielectric
surface. Separated intermediate trigger .electrodes are

charged up to the one third of the initial voltage of the
stmgecapacitor(Vq)anddﬁvenbyanabmptm
voltage negative polarity trigger pulse.

ESESESESE/\/\
-0+V

To other channels A
Tz
v
i *& .
|

Fig. 1: Schematic of the experimental setup.

Voltage and current wave forms were monitored with a
high-voltage probe (Tektronix model P 6015) and a
Rogowsky coil, respectively. Time and spatial plasma
evolution was registred by a fast gated intensified CCD
camera.

3. Results and discussion

Fig. 2 represents the time evolution of the current and
voltage of a discharge in 1 atm of a gas mixture
ArN2=10:1. The process of gap breakdown is
characterized by three stages that were observed with
the CCD camera. During the first stage (0-200ns) the
trigger pulse initiates barrier discharge along the
substrate surface which results in the right gap
breakdown. Trigger capacitors (C, = 0.14nF) are
charged up to almost Vo tension. Then the left gap
breakdown occurs allowing trigger capacitors to
discharge to the ground electrode (200-300ns). During
the third stage the discharge of storage capacitor along
the formed plasma channels takes place which exhibits
good impedance matching with the load and uniform
radiation of the plasma channels (Fig.3).
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We found out that the uniformity of the plasma
channels is mainly controlled by the trigger pulse
characteristics and that the increase of charging voltage
Vo leads to a significant current pulse shortening. We
observed that uniformity of the channels was only
dependent on the two initial stages. This discharge
behaviour allows to easily scale the main circuit
energetic characteristics and to reach plasma brightness
temperature values in the VUV spectral region up to
~30 kK [1-3].

L ©
Current (u.a)

&
TONPRY

Fig. 2 : Trigger voltage (Vy), main voltage (V) and

current (I) of a discharge A with seven
channels in 1 bar of Ar:N, - 10:1 and a
charging voltage Vo = 17KV,

Fig. 3a : Integrated CCD camera photograph of seven
plasma channels working simultaneously in
1 bar of Ar:N; - 10:1 and a charging voltage
of 17 kV (scale Icm = 2cm).

I‘ig,3b:Transvetsesecnonofthcspat1alhght
intensity distribution emitted by the plasma
channelsofﬂwmrfaced:schargedewoe

4. Conclusion

In the present work we have proposed a multi-channel
switch to trig the main energy reservoir. CCD camera
studies have shown that many parallel plasma channels
can be simultancously initiated with a high uniformity
of the plasma radiation. The scalability of the proposed
scheme energetic parameters - makes it possible
obtaining high brightness temperature values in VUV
spectral region.
Thcreponwulpmentamoredetmledsmdyonthe
performed VUV radiation plasma source and its
electrical and optical characteristics.

This work was supported by the DRET (Direction des
Recherches ct des Etudes Techniques) of the french
Defense Agency.
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Correlation between Corona Spectral Intensities and Discharge Geometry

Toedter, O. , Miiller, H.J. and Koch, A.W.
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1. Introduction

Corona discharges are of increasing importance for
applications like flue gas treatment, deNO,
reactions or cleaning of motor exhaust fumes.
Besides other common geometries like point-plane
or wire-wire con-figurations the wire-cylinder
geometry is very popular. A good relation of
discharge volume to active volume and the
possibility to implement optical diagnostics lead to
a variety of investigations [1].

Optical emission spectroscopy is a powerful tool to
study corona discharges [2,3]. The intensity of the
emitted light is nearly proportional to the intensity
of the discharge power which is dissipated by
electron impact.

2. Basic Considerations

The mechanical parameters of a wire-cylinder
configuration depend mainly on the tension of the
wire. Fixed at its both ends the wire represents a
mechanical resonance system with the resonance
frequency being a function of the wire tension. In
order to control the tension we implement a spring
with variable elongation. The deformation of the
spring corresponds to Hook’s law:

=D A
A

with As being the elongation of the spring, A the
sectional area and D the elastic constant. When
corona starts the intensity depends on the diameter
of the wire, its distance to the cylinder and the
applied voltage. During DC-voltage all parameters
remain constant. Using AC voltage with

movable ruler

roller bearing

frequencies near the mechanical resonance
frequency of the wire in the tube the corona
intensity oscillates with the supply frequency and
drives the wire mechanically. Therefore the
distribution of streamers in the discharge is reduced
due to the wire being mechanically displaced by the
discharge. The mean value of the emitted light
intensity decreases subsequently corresponding to

. the decrease of the discharge intensity.

3. Experimental Set-Up

The investigation of the frequency dependence of

the corona intensity consists of three parts:

1. The AC power supply in the range of the
expected resonance frequencies.

2. The wire-cylinder configuration is adjustable by
a variable tension.

3. The optical emission is monitored on line.

The power supply used in these experiments
provides 20kV at currents of up to SmA and
frequencies up to 1kHz. The signal form and the
frequency are adjusted by a microcontroller (s.
figure2).

|
® |\I'1‘;
A b rﬁ ~ '” ﬂ @
it “I |
function m switching m:olup rectifier

m
Figure 2: AC high voltage power supply

The discharge reactor bases on two tubes connected
via a M38x2 thread. Turning one part against the

spring

high voltage connector

Figure 1: Experimental wire-tube ~arrangement

M38x2 thread Wire
| optical
[ H emission
/ L
| I"acryl glass
' \cluminium
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other the total length of the reactor can be adjusted.
Botton and top plates are made of acryl glass and
teflon, respectively. Thus the experiments are not
disturbed by torsion problems.

The detection unit consists of an UV-C-sensitive
tube (UV-TRON, Hamamatsu) and the counting
electronics (s. figure 3). For a predeterminated time
of one minute the unit counts all incoming UV-C-
Photons with a sensitivity of 1000 counts per 10°
2W/cm®. The spectral response ranges from 180nm
to 230nm.

] gate |7 | | output ] counte
fmer [ counter — S0 &drlve:'

T I

backgrond

Figure 3: UV-C detection circuit
4. Results

Figure 4 shows the dependence of the emitted light
as a function of the supply voltage and frequency.

UV-C emission (counts)
8

12 voltage (ikv)

Frequency (Hz) 1000

10
Figure 4: Emission intensity as function of
supply voltage and frequency

In this experiment the resonance frequency of the
reactor was adjusted to about 300 Hz at the
following discharge parameters: diameter of the
wire: 0.4mm and diameter of the tube: 30mm. The
intensity increases gradually from 10kV to 14kV.
Over the whole voltage range from 10kV to 20kV

IV-55

an objective minimum at about 300Hz can be
observed.

5. Conclusion

The experiments show an intensity dependence of
the corona discharge on discharge geometry and
mechanical parameters. When using geometrical
configurations like wire-cylinder configurations for
applications like pollution control the user has to
take into consideration the relation of electrical
(supply voltage, frequency) to mechanical (tension,
geometry) parameters. We can conclude that the
supplied electrical power is subject to mechanical
absorption at experimental conditions where the
supplied frequency corresponds to the mechanical
resonance.
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Temporary Corrosion Resistance using Corona-assisted Coating

Toedter, O. and Koch, A.W. .
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1. Introduction

Up to now, temporary corrosion resistance for cold
rolled steel is realized by coating the surface with
oil at the end of the production line. Removement
of this oil is very expensive and causes a lot of
environmental problems. On the other hand, the
process of cold rolling is responsible for
displacement errors e.g. for gaseous enclosures
which appear as sharp defects on the surface (s.
figure 1). These surface areas are corrosion
sensitive. Organic coating is a commonly employed
corrosion resistance technique [1]. Polymer films
exhibit -the advantage of high water resistance.
Corona-assisted coating using organic gases offers
the possibility to coat steel in an easy and cost-
effective manner under atmospheric pressure [2].

Figure 1: Defects in cold rolled steel
2. Basic Mechanisms

The use of a point-plane-configuration in a butane
(C{H,,) atmosphere results in a thin polymer-like
film deposited on the substrate. A computer
simulation of a positive corona discharge shows
electrons which are accelerated up to 20keV. They
crack the butane chain when they hit it. The
gaseous molecules and the fragments of the
collisions are ionized or excited by further electron
impacts [3]. The fragments of the butane are
radicals (e.g. C,H, or C;H;) and ionized particles.
The jons are accelerated by the electric field
towards the substrate. When they reach the steel
surface they firstly hit an oxygen atom of the
oxidation layer of the steel surface. Through a
chemical reaction the ions should build up
polymer-like structures in combination with the
surface oxygen atoms. The radicals generated by
the corona are accelerated in axial direction by the

electric wind and in tangential direction by the
drifting ions. When they also reach the surface,
they enhance the polymerization reaction.

The inhomogenities of the surface proves to be a
singularity of geometry which forces the local field
to peak. Thus ions near these shrink holes are
deposited essentially at the edges of these holes.
Therefore corona-based coating can be regarded as
a very effective corrosion protection.

3. Experimental Set-up and Procedure

In order to test the efficiency of corona coating and
the influences of different electrode geometries of
different gas mixtures and of different supply
voltages a special corona reactor has been designed.
It is connected to a gas reservoir of butane and
argon. Using a valve the reactor can be filled with
air or evacuated to 50mbar. At first the reactor is
flushed with argon, pumped a second time an then
filled with butane or a’combination of butane and
argon. The reactor walls are made of polyacryl and
allow the scientist to observe the discharge. Using a
silicon glass lens the discharge is imaged onto the
entrance slit of a monochromator. The spectrally
resolved intensity is monitored by a multi-channel-
plate intensified CCD  camera™ attached at the
position of the exit slit [4].

Figure 2: Schematic of the corona reactor

The electrode mount is designed for several kinds
of electrode configurations. Besides a DC source
we built up a 20kV (5mA, 1kHz) AC source and a
pulse-width modulation-controlled pulse source
(34kV, 84 mJ). Both sources are provided with a
microcontroller, a user interface and a RS485 serial
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connection. In combination with the stepping motor
of the monochromator and the programmable
camera the experimental set-up is automated. All
components of the set-up are prepared for the use in
an integrated production process with on-line
control. The process control is based on the optical
emission spectroscopy (for setup see [4]).

4. Results

The first effect which is observed during the
coating process are soot spots on the surface in the
centre of each discharge streamer. The rest of the
coating is invisible.

One of the specific features of the polymer coating
is the high water rejection function being tested by
saturating the probe with steam. As shown in figure
3, an area of diffuse reflection is visible. These
areas correspond to the coating. :

Figure Prbbe saturated by steam

In order to examine the coating ex-situ several '

scanning electron microscope images were taken.
Figure 4 shows a soot particle on a coated probe.
The SEM images do not exhibit the coating
directly. The only way to recognize the effect is to
observe the contrast of two images of uncoated and
a coated rolled steel. The sharp edges of the shrink
holes are smoothed by the discharge process.

. [RNVES f )
Figure 4: SEM-picture of the coated surface with
carbon particles in the foreground

The surface of cold rolled steel is usually too rough
(the height of the coating being thin as compared to
the R, value) for a correct thickness measurement.
Therefore a silicon wafer has been coated and
examined by a scanning probe device., The polymer
film does not allow the use of optical scanning
probes and before using a diamond needle probe
the coating will have to be hardened by a second

1V-57

corona discharge under air. Figure 5 shows a height
plot with a maximum deposition of 2 pm.

Name: CORO102 Dimeasions: 10585.00 Microas * 7585.00 Microns

Figure 5: Height plot of a coated silicon surface

Finally the coatings have been tested for corrosion
resistance. Thus a four-days-test with sprinkled salt
water is performed using a probe being partially
coated. The untreated area corrodes shortly after the
test. The coated area is resistant but finally the
corrosion process surrounds the coated area and
begins to start at the coated part of the probe, too
(see figure 6).

Figure 6: Probe after a four-day-sprinkle-test
5. Conclusion

In conclusion we can state that corona-assisted
coating is an efficient way to realize a temporary
corrosion resistance, e.g. for the protection of steel
for transport purposes.
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High-Voltage Ionization Wave Conditions Affection on the Ignition
Delay Time in Hy-Air Mixtures at High Temperatures

| f
L.M.Kof, S.M.Starikovskaia, A.Yu.Starikovskii

Moscow Institute of Physics and Technology, Dolgoprudny, 141700, Russia

1. Introduction

The problem of ultra fast and spatially homogeneous
ignition of combustible mixtures is very topical for
internal combustion engines elaboration. The aim
of present work was an experimental study and nu-
merical analysis of the high-voltage pulse nanosec-
ond discharge adaptation for spatially homogeneous
ignition of Hy-O5 mixtures.

2. Experimental setup

Experimental setup, which provide separated and
controlled excitation of internal and translational de-
grees of freedom consists of the shock tube ~ shock
wave generator, connected with the 30 cm-length
coaxial discharge dielectric section. Shock tube was
made from stainless steel and has a square section
25 x 25 mm with the low-pressure channel length
1.6 m. High-voltage nanosecond breakdown ioniza-
tion waves in discharge section is generated by pulse
Marks generator. The voltage increasing rate at the
high-voltage electrode was about 0.5 MV /ns. Total
energy, emitting in the discharge during 25 ns, was
in the range of 5 — 50 J. '
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Shock wave causes the gas translational degrees of
freedom heating. Variation of the reduction electric
field E/N in the discharge defines direction of the
energy contribution. When value of E/N is small
(~ 10717—10"15 V-cm?) the main part of the energy

transmits to the vibrational degrees of freedom and
particularly to the rotations. When E/N is more
high, then effective gas ionization and excitation of
electronic levels of the molecules by electrons begins.

3. Numerical model

Numerical model, used in the present work for igni-
tion description in the H;-03-N3 system, was based
on the kinetics scheme [1]. This model was com-
pleted by the set of reactions, which describe free
radicals appearing due to the ionization wave devel-
opment. It was assumed that fast ionization wave
can be described as a momentary source of the H,
O and N atoms. Atom concentrations estimation at
the discharge break-off time (7 ~ 25 ns) was made
on the basis of data [2-4). Ionization wave influence
(U =~ 250 kV) on the mixture Hy:02:Ny = 5: 19 : 76
induction time Tinq4 at pp ~ 1 atm were shown on the
figure.

Calculations shown additional increasing of the
discrepancy between different ignition regimes with
the translational temperature decreasing (73, ,/72,, ~

n %

10 and 1000 at 7" = 1100 and 1000 K, respectively).

4. Conclusions

We demonstrate a high efficiency of the high volt-
age ionization wave for spatially-uniform excitation
of the chemically-reacting systems. Data for ignition
time delays was found for oxygen-hydrogen mixtures
and numerical analysis of chemical kinetics was per-
formed under shock wave and high voltage ionization
wave simultaneous affection on the gas. This work
was supported in part by grants 96-09-32746 and 96-
02-18297 from Russian Basic Research Foundation.
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Negative Ion Diagnostics in a Non-Maxwellian Plasma
Containing Negative Ions

H. Amemiya
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1. Introduction

Negative ion diagnostics was made by a probe in e.g.
H- sources [1]. The main principle was in the use of the
current ratio (CR) between electron and ionic parts of
the probe characteristics. However, when the negative
ion density ratio is not large, the method is difficult to
evaluate the parameter. Another reason is that, if the
electron temperature Te is much higher than the
negative ion temperature Ty, the Bohm criterion was
kept almost at xTe/2. A method of using the second
derivative of the probe current was thereafter applied [2).
In strongly electronegative gases, like iodine, where the
Bohm criterion decreases toward xTp/2, the both
methods were found to be reasonable [3). The change of
the criterion was then fully analyzed [4] and recently
using this the CR method has been refined for the case
of relatively large negative ion density ratio [5].
However, all these methods are valid only for the case
where the electron energy distribution f(E) is
Maxwellian. In many cases of plasmas containing
negative ions, f(E) is non-Maxwellian. In view of these
facts, the purpose of the present paper is to consider the
diagnostics in non-Maxwellian cases.

2. Formulation
We follow Allen's method [6] of using the dispersion
~ relation which is given by

"%e f(v)dv a%n f(v)dv a)%) f;(v)dv
(0 -kv)? L @-k? T (0-kv)?
=1, 1)
where o: angular frequency, k:wave number, fe. £ £
velocity distributions for electrons, negative ions and
positive ions, respectively, a,,=Ne?/e,m, Opn=
Npe%/eoMp, 05=Npe?/eoM, N, Ny, Np: densities of
electrons, negative ions and positive ions, m,M,,M:
mass of each species. The integration is performed
along the Landau's contour. A steady state w=0 is
assumed. The charge neutrality holds at the sheath edge
N. +N, = Np. )

Multiplying (kAp)? on both sides of eq.(1), we obtain

awf tme o [Came (e
m v2 My v2 M v2

“00 -0 )

=(kAp)2 /(m<ve2>/2) , 3)

where the Debye length is defined as A,Dsmpg<ve>,
<ve>! average electron velocity and 0=N/Ny,. In the
limit of kAp—0, and assuming f,(v) is Maxwellian
with a negative ion temperature T, we have

(1-a) fe(v)dv + O @
m v2 xTp

-0

T

where an asymptotic formula in the dispersion relation
[7] was used for the negative ion term.

3. Sheath criterion and the positive ion
current

Assume that f.(v) can be measured by probes directly or
by using the Druyvesteyn method [8] in the form of
kinetic energy distribution F(E); E=mv2/2. The integral
of the second term of RHS of eq.(4) is partially
integrated and by way of the relation dfe(v)/dv=-
(m/2)F(E), eq.(4) leads to :

Leyite -0 ppveel a
A cvits= F(E)EdE + . S
M . (E) T &)

In order for positive ions to have this kinetic energy
at the sheath edge, the sheath edge potential Vs can be
expressed as

evs=[(1-a>j FEETE + 22]1. (g
0 KTn

The positive ion density at the sheath edge Np is

balanced by the electron density there N, which is given
by almost reflected components for a deeply negative
electrode potential as '

_ N, " vi(v)dv - v
Qe=—e =2 _Y\YAY _ 1-8¥s R ,
 Neo f YvZ2eV/m f V I7g FEE
Vs CVS
N

where Vs is the sheath edge potential. The negative ion
density Ny, is given by

3n=Np/N. no=exp(-eVs/xTp). 3

Neo and Ny, are electron and negative ion densities in
the unperturbed plasma with the density N,. Therefore,

Neo + Npo = N, )
Putting 0o=Npo/N,, we obtain from €q.(7)-eq.(9)
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e %8 (10)
Se(1 - 01g)+0o0n

The positive ion current is given by
Li=eSNp(2eVy/M)1/2; S: nrobe area, (11)
where eq.(2), eq.(6)-€q.(8) should be used.

4. Electron and Negative Ion Currents
The electron current and negative ion current are

= 8N, -®Vey [2E
L 4 ] a E) mF(E)dE, (12a)

T, eV T,
I;=eSNpon / 2o MM ; n=""B, y=—C (12b
n n ZﬂMn n KTe y Tn ( )

The saturated current I5 at Vp=0 (space potential) is
1= KIn 3 3
ZRMn

where <ve> is the mean electron velocity.

{ (1 - ao)<ve> +01

5. Experimental study

Experiments have been performed in a radio frequency
(RF) discharge in oxygen [10]. The second derivative
has been measured by the AC method [11], modified
such that by the crystal control the superimposed
frequencies included a prime number 17 distinct from
113 contained in 13.56MHz to avoid coupling of
overtones with RF. Moreover, symmetric electrodes
suppressed fluctuation.

Figure 1 shows the probe current I, and the derivative
I," where peaks 1,2 denote electrons and negative ions.
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In the first method, Npo/Neo(=00/(1-0)) is directly
obtained from the ratio of peak areas in I"-curve as

Nno _4/ ®™™y Tn3/ 2 = 12
sV R o/ L le(Vp)Ve Ve, (14)
where V, is the probe voltage measured from the space
potential to a negative bias. We obtain T =0.25¢V. We
obtain 0,=0.55 for O and 0.62 for O," by eq.(14).
Figure 2 shows the electron energy distribution F(E)
compapred with Maxwellan and Druyvesteyn.
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In the second method, the current ratio R=(Is+I,)/1,
which is a function of F(E) and a, is utilized.
However, contrary to the method of using Ip", eq.(6),
(8)-(10) should be iteratively used to solve o,. For the
data of Fig. 1, we obtain R=20, and o, exceeds 0.9.
The discrepancy from the first method suggests that the
probe perturbs the plasma and erroneously reduces I. It

is necessary to know the value of R for the case without
negative ionsto to determine ¢, in a calibrated way [3].

~ The neglect of a finite k\p effect in the sheath model

would restrict the applicability to a relatively dense
plasma. Furthermore, in the case of RF discharges, the
effect of a finite ® should be included for a more

_accurate description of the sheath criterion [11].

6. Conclusion

The method of using the second derivative is useful for
negative ion diagnostics when Ty, is so low that the
negative ion peak 2 in Ip" is separable from that of
electrons. In the opposite case, which happens e.g. in
DC hollow cathode discharges in electronegative gases
[12], the CR method becomes inevitable but should be
used by calibrating R with that of electropositive gases.

References
{11 M.Bacal and H.J.Doucet: IEEE Trans. Plasma Sci.
PS-1 (1973) 91.
[2] H.Amemiya and Y.Sakamoto: Japan J.Appl.Phys.
26 (1987) 1170.
[3] H.Amemiya: J.Phys.Soc.Japan 57 (1988) 887.
[4] N.S.J.Braithwaite and J.E.Allen: J.Phys.D 21
(1988) 1733.
[5] A.G.Nikitin, F El Balghiti and M.Bacal: Plasma
Source Sci.Technol. 5 (1996) 37.
[6] JE. Allen: J.Phys.D 9 (1976) 2331.
[71 B.D.Fried and S.D.Conte: The Plasma Dispersion
Function , Acad. Press (1961).
[8] M.J.Druyvesteyn: Z.Physik 64 (1930) 781.
[9] H.Amemiya and N.Yasuda: J.Phys.Soc.Japan 66
(1967) No.3.
[10] K.Wiesemann: Ann.Phys. 219 (1969) 462.
(11] J.E.Allen and M.A.Skorik: J.Plasma Phys. 50
(1993) 243.
[12] H.Amemiya and K.Ogawa: J Phys.D 30 (1997) in
press.

XXII ICPIG ( Toulonce. France ) 17 - 27 Tulv 1997




IV-62

Validity of electrical probe measurements in RF plasma
checked by optical spectroscopy diagnostic

Abdelbasset Hallil, Hiroshi Amemiya and Kazuo Shimizu

The Institute of Physical and Chemical Research ,
Hirosawa 2-1, Wako-Shi, Saitama, 351-01, Japan

1. Introduction

The kinetics of the generation of reactive
species in plasma is controlled by the electron energy
distribution function (EEDF). Only Langmuir probe
diagnostic method leads concisely to such quantity after
calculation of the second derivative f(E) of the probe
characteristic. Although, the widely used cylindrical
probe permits a reliable determination of f(E) only for
energies less than 9 kTe [1], due to the important
contribution of the ion current second derivative in f(E)
at high energies. To determine f(E) more precisely at

high energies, spherical or planar probes are suitable, -

because they are insensitiveto the ion part in the second
derivative. Notice that in spherical probe the ion current
varies linearly with the voltage while in the planar one
it is constant. This obviously leads to zero second
derivative of the ion current and therefore to more
reliable determination of f(E) at high energies.

Moreover, still doubts exist in the high energy
tail of f(E) due to the contribution of noise. Therefore,
it seems necessary to check the validity of the second
derivative by means of other simple and reliable
discharge diagnostic methods like optical emission
Spectroscopy.

Here, for a particular spectral line.in RF argon
discharge at different powers and pressures, we report
comparisons between optical emission intensities
measured by spectrophotometer and those calculated by
integration of the probe measured electron energy
distribution function multiplied by the excitation cross
section of the considered spectral line.

2. Experimental method and apparatus
The RF plasma reactor used for the study has
been described in detail elsewhere [2]. Briefly, it
consists of a 6-in.-diameter Pyrex glass vessel
containing two parallel plates of 8 cm diameter
separated by a distance of 2.5 cm. The power was
supplied to the electrodes by a 13.56 MHz RF oscillator
through a matching element of the bridge type. The
plasma was confined in a multicusp magnetic field MC
of SmCo magnets constructed in a drum-type
configuration. After evacuating the vessel by a diffusion
pump below 10-3 Torr, argon gas was introduced
through a mass-flow controller in the range of 10 to
220 mTorr. A stainless steel plane probe with a
diameter of 3 mm was placed at the discharge center
between the two electrodes. To avoid distortion of
current-voltage probe characteristics [3], due to the fall
of the RF plasma voltage and its harmonics in the
probe-sheath impedance, an original filter, using coaxial
cables with distributed constants, was designed [4]. Data

of the probe characteristics were acquired and processed
by a personal computer. The electron energy
distribution function and the electron density were
determined from the numerical second derivative [5] of
the probe current-voltage characteristic .

The optical emission of the plasma was
gathered to the photomultiplier through a 2 mm
diameter optical fiber, which is set behind the quartz
viewing port, in the same horizontal level as the probe.

3. Results and discussion

When the electron plasma density is low as in
our case (ng ~ 108-101% cm-3 ) [6], the plasma can be
described by a corona equilibrium model [7]. In this
model, the excited states are formed by direct impact on
ground state species of argon and the de-excitation is
postulated to appear radiatively:

Excitation: Ar+e—> Ari*+e

De-excitation: Arj* —> Arj* + jj

ojj is the photon energy arising from the transition

i——> j of the excited argon atom Arj*. Taking into
account the equilibrium between the rate of excitation
and de-excitation in the steady state, the intensity Ijj of a
particular spectral line at frequency vjj can be given by:

- L
Ij= Nnejo i(%}z F(E) oy(E) dE

where N is the concentration of the ground state species
of argon, ojj(E) is the excitation cross section for the
emission of a photon of frequency vij. F(E) is the
electron energy distribution function and m is the
electron mass.

The spectral line chosen for the study
corresponds to the atomic argon transition 3p54p —>
3p®4s at a wavelength 750.3 nm and its excitation cross
section is well known [8]. This line is intense and can
be measured easily for variable plasma conditions.

- Although, the population of the upper level 3p34p is

mainly die to the electron excitation of argon atoms
from the ground state. Contributions to this population
from de-excitation of other levels are negligible at low
pressures.

Figure 1 shows the measured electron energy
probability function (EEPF or f(E) ) for variable
pressures at a fixed power 4 watts. The shape is bi-
Maxwellian and the processes leading to such behavior
are well described elsewhere [1].

XXM ICPIG ( Toulouse, France ) 17 - 22 July 1997




T T T
—— 10 mTorr Argon |
——30 mTorr Argon
weem=220 mTorr Argon

.
i

EEPF or f(E) (. a)

A N AW W Pt
18 20 25 30 35 40
Energy (eV)

Fig.1 EEPFs in argon at variable pressures

The calculated emission intensity from these
EEPFs is shown in fig.2. Notice that the increase of the
intensity observed at 30 and 40 mTorr is predictable
from the observation of the EEPF which contains
bigger amount of high energy electrons at these
pressures. Thus, this leads to more excitation of ground
state argon atoms and to more de-excitation.
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Fig.2 Calculated and measured emission intensities at
variable pressures
For all pressures, the calculated and measured

"optical intensities show good qualitative agreement,

This asserts the validity of our measured electron energy
probability functions at high energies and makes the
choice of the planar probe more convenient. The slight
disagreement observed at high pressure (220 mTorr)
should be due to the appearance of other de-excitation
mechanisms of the argon excited atoms such as
collisions with ground state argon atoms, making the
calculations by the corona model non valid.
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Fig.3 EEPFs at variable powers
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The measured EEPFs at variable powers for a
fixed pressure 80 mTorr are shown in fig.3, while the
calculated and measured emission intensities are
represented in fig.4.

7
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Fig.4 Calculated and measured emission intensities at
variable powers

Here also good qualitative agreement is found
between the two intensities. This confirms the validity
of planar probe measurements at high energies and their
insensitivity to the second derivative of the ion current.
For the variable pressures and powers considered, the
argon excitation cross section is higher in the energy
range between 15 and 30 eV. This helps to reduce
errors in emission intensity calculations due to the
limitation of f(E) until 40 eV.

Finally, the validity of probe measurements
checked by optical measurements will allow a reliable
application of our measured electron energy distribution
functions in the simulation of chemical processes in
argon RF discharges.
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1. Introduction

There are various methods of spectroscopic
characterization of a high pressure mercury discharge [1]
if the plasma is in local thermodynamic equilibrium
(LTE). These methods are based mainly on the
measurement of the total intensity of optically thin
spectral lines.

Number density of excited atoms can be determined by
emission spectroscopy. However, the ground state
density which represents the major part of the atomic
density, can only be deduced from such measurement if
LTE is assumed.

Nevertheless, recent measurements in mercury arcs
suggest the existence of departures from the thermal
equilibrium in the axis and in the periphery of such an
arc [2].

In this present study we describe a procedure for
determining the local ground-state density in a high
pressure mercury discharge. This method is based on
the properties of the strongly self-reversed resonance line
A=253.7 nm. This method can be applied to a large
range of pressure (0.2 to 5 bar), and does not require any
knowledge of the thermodynamic state of the system.
Indeed, we established a relation between the position of
the wavelength at the maximum intensity of the red
wing resonance line and the atomic ground-state density
regardless all other parameters of the plasma.

2. Experimental set-up

The measurement of the apparent line profile is carried
on by a monochromator (THR1500) with a dispersion
less than 1.3 A/mm working in double pass
configuration. The alignment of the optical system is
performed with a He-Ne laser beam. The detection
system is a photomultiplier tube having a good ultra-
violet response and fitted with a time resolving
electronic device allowing temporal measurements.

We worked on a set of cylindrical lamps of same
internal diameter (182 mm) and inter-electrode
distance (72 mm). The main filling and electrical
characteristics of the studied discharges are given in
table 1.

Time resolved intensity measurements are made
midway between the electrodes. Acquisition and

storage of experimental data are carried out by an
automated system controlled by a personal computer.

A detailed description of the experimental set up is
given by Sewraj et al [3].

Discharge filling Uarc larc Power
mHg (mg) (Volts)  (A) (W)
D1 4 48 3.2 150
D2 8 52 3.2 164
D3 16 74 3.2 288
D4 70 151 3.2 400

Table 1. Characteristics of the studied discharges.

3. Ground state density

3.1 Line profile

The local profile of the self reversed resonance line
(A=253.7 nm, 6’P\-6'Sy) has been studied by many
authors [5,6...]. In a recent communication [4] we also
studied the shape of the apparent line profile of this line.
So, we showed that :

(i) the blue wing of the resonance line can be described
by a Lorentzian profile with a constant half width.

(ii) the red wing can be represented in Van der Waals
interaction by the quasi-static approximation with
Aho (AMo=Cw nyg") as characteristic width.

According to Stormberg [5] the total line profile can be
approximated by the convolution of the Lorentzian and

the quasi-static profile

3.2 procedure

Bartels [7] has shown that, for the self-reversed
resonance line, the maximum occurs for optical
thickness To very close to 2. It may be written, at the

wavelength of the maximum intensity of the red wing :
Xo

()= [K(rgx)dx =2

—Xp

O

where K(Ag,x) is the local absorption coeﬂicieht at the
wavelength Ar which is proportional to the ground-
state density.

At the wavelength of the reversal maximum of the red
wing we can write that |Ag-Ao[>>AAo. Thus the
expression of the local profile at Az can be written :

Joo

PAN)=—"T——n
&Y 2(hg —1y ) e

@
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Combining equations 1 and 2, one can obtain :

]

ol =2 ) = [ ngg? ()ix 3)

—Xg

where o is a constant characterizing the resonance line
equal to 1.428 10°' m™"”.

It follows from equation 3 that the mercury density
depends only on the A position. So, we have measured
the apparent line profile at different radial position from
the arc axis (figure 1) and established the ground state
densities using Abel inversion.

Intensity (u.a.)

A (9 mm) q
AA(A)

Figure 1. Apparent line profile of the 253.7 nm
resonance line (red wing) at different radial positions.

4. Results and conclusion

We first check the applicability of this method under
LTE conditions by investigating the D4 discharge.
Because of its high pressure this discharge is assumed to
be close to LTE. The results are shown in figure 2
together with the values obtained by assuming LTE.

20
-~ F D4
3 1S [~
L — LTE
[ e this work
10

w

Neutral density ( 10 m

o-lllllllllllllll|lll

0 2 4 6 10x10”

Radius (m)

Figure 2. Measured ground-state density, (___):
calculated under LTE assumptions; (....): calculated
using the reversal maximum of the red wing.
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Furthermore, as far as the discharges referenced in table 1
are concerned, we have detertnined the radial
distribution of ground-state density by applying the
method described in section 3. Here we give the result
corresponding to the D1 discharge (figure 3). (D4).

141
+ DI

N 1.2F

E I

I, 1.0F —— LTE

= S - this work

2z 08F

5 osf

e r

§ 0.4 ._ "I.u. sy

z :'"!'“!""I"I“'I'"‘I"'I‘"'I"
0.2 E=
0-0:"'|ll|||||||||l|l' 3

° 2 4 6 10x10°

Radius (m)

Figure 3. Measured ground-state density, ( ):
calculated under LTE assumptions ; (....): calculated
using the reversal maximum of the red wing. (D1).

As it can be seen in figures 2 and 3, a good agreement is
found for the more loaded discharge but discrepancies
appears for the low loaded discharge.

= Three main advantages are to be retained :
i) this method does not require the LTE assumption;

ii) no additional information is needed such as pressure
and temperature;

iii) only relative values of the apparent line profiles are
needed.
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1. Introduction

Containing nitrogen flowing post-discharge are
studied for surface treatments like steel nitriding [1]. The
thickness and the composition of ¥ and € iron nitride
layers are strongly dependent on the atomic nitrogen
content in the gas phase [2). The determination of atomic
nitrogen density can be achieved by NO titration in N,
Ar-N; and Ar-N,-H; post-discharges [3]. With this
method, the accuracy of the measurements is strongly
dependent on the way NO diluted in argon is introduced
in the zone where the titration occurs. Indeed, the
formation of atomic oxygen from NO and its reaction
with either N or NO to produce respectively NO(B) and
NO,* is rather slow. Therefore, the mixture conditions

determine a minimum distance over which the diagnostic
is available. Otherwise, measurement of the nitrogen
atom density is perturbed. The aim of the present work is
to describe, by a 3D-modeling, the influence of the
mixture conditions on the determination of N atom
density. For this reason, no care was taken to mix the gas
so that the worse mixture conditions are studied to
validate the modeling.

2. Experimental apparatus

NO titration method is fully described elsewhere
[3]. It is done here in a quartz cylinder of 28 mm ID. The
plasma is created by a surfaguide wave launcher with a
power equal to 130W. Ar-5%N,post-discharge enters this
cylinder in a quartz tube of 5 mm ID at 70 cm from the
plasma outlet whereas the 1.4%NO-Ar mixture is
introduced via a manifold of 0.5 mm ID. With a total
plasma flow rate of 1050 sccm, at 1500 Pa, assuming all
the temperatures equal to 300 K, the extinction is
obtained at Qno.an=85 sccm, what leads to [N}=4.1 10"

cm3, i.e. a total mass fraction of 4.16 104.

3. Modeling - :

The model used in this study is obtained by solving
the conservation equations of continuity, momentum and
energy. Equations are solved considering a stationary
state. Pressure in the system is assumed large enough to
consider the gas phase as satisfying the conservation
equations in a continuum medium (the knudsen number
is 2 10-3). The set of partial differential equations which
expresses the conservation of component i, momentum
and energy is closed by the ideal gas law :

1) V.(pw;v-DijpVw;) =S

) V.piW-V.T=-VP+pg

(®) V.(pCpT¥-kVT)=St

p is the fluid density; v the velocity; w; the mass fraction
and S, is the consumption source of the reactive species
(the reaction rates) as specified further. The species

balance (1) can be solved to yield the mass fraction
fields. The dilution assumption in argon, for each reactive
species, allows the use of a simple form of Fick's law. D;
is then considered as the binary diffusion coefficient in
argon. T is the stress tensor. pg, T, P, Cp and k are
respectively the gravitation force, fluid temperature,
pressure, specific heat at constant pressure and thermal
conductivity. St are heat sources. The flow is laminar
(Reynolds number is 20). The kinetic model used
herein is based on that described by [3] and completed by
reactions neglected by these authors. The set of reactions
and the kinetic rates used are described in table 1.

Table 1 : Reactions considered for the modeling at

300 K (units are s! or mol! m3 s"lor mol-2 m s

Volume reactions

N+NO—- N,+0 k=223 107 [3]
N+O+M— NO+M Kom=an=2.75103 [7]
' k2(M=Ar)=3-62 103 [7]
N+O+M—> NOB)*M  kypean=8.99 10' [3]
k3(M=N2)= 1.12 102 [3]
N+N+M— N,+M | Kem=an=3.710°  [4]
NO+O+M— NO,+M ksm=an=1.1910*  [5]
kS(M=N2)= 1 . 19 1 04
NO+O+M— N02*+M k6(M=N2)=1-34 104 [3]
k6(M=N2)=2‘lO 104 [3]
NO(B)—> NO+hv ky=5 105 5! [6]
NO(B)+M—) NO+M ks(M=M)_—;'-2.1 1 105
kE(M=N2)=2'1 1 105 [7] .
NO+0— 0,+NO ko=5.72 106 (5]
NO,*— NO,+hv ki0=2.5 104 s°! (31

N02*+M—) N02+M+hv kll(M=Ar)=2'35 107 [3]
kll(M=N2)=3'6l 107 [3]
k=105 (2]
Ky3ouean=3.78 102 [7]

N,(B)— N,(A)+hv
0+0+M~— 0,+M
Surface reactions .
N—1/2 N, on quartz =10 (8]
0—1/2 O, on quartz V=14 104 91

The (Oz) velocity component v, is assumed to be

zero on the walls parallel to (Oz). The mesh is
20x35x50 cells for @, r, z in cylindrical coordinates.
Incorporating the axisymmetry assumption, the
computational domain is reduced to a half of the
reactor. The implicit Phoenics code is used for this
calculation. Radial dimension is multiplied by a scale
factor of 5 for the presentation of results.

The inlet mass fractions of N, N3(B), N,, NO are
respectively taken equal to 4.16 104, 1 10-3 @y [10], 3.38
102, 1.06 10°2 (before mixture). The choice of this latter
value corresponds to the extinction conditions.

XXHI ICPIG ( Toulouse, France ) 17 - 22 July. 1997




IV-67

Thermal conductivity, heat capacity and viscosity of
mixtures are estimated by considering pure argon
properties, assuming a very diluted medium. Binary
diffusion coefficients in argon are given in table 2.

Table 2 : Binary diffusion coefficients in argon

Dya=1.12 104 T188 / p [11]
Dyya=1.71 104 TL75 /P [12]
Do/a=5.85 104 TL75 /P {13]
Doya=1.71 104 T175 /P [14]
DNO/Ar:l-OO 10‘4 Tl'75 / P [15]
DNQ(B)/AFI.OO 104 TL75 /P Equal to DNO/AI'

Dnoa=6.24 10-6 T175/ P +
DNOZ‘/AF6'24 106 TL75/P Equal to DNO'Z/A[’
+ Calculated from critical values available in [14].

4. Results and discussion

The calculations were performed at the extinction
point, and compared with experimental results obtained
by photographs and reproduced as a drawing on Fig. 1.
The correlation between the modeling and the
experimental results is then carried out qualitatively.
The lengths for the mixture of both gases are very close
to those calculated. In each case (Fig. 1 and 2) a
mixture length of 0.15 m is found. All the species mass
fraction fields are provided by the model.

purple green orange

Ar-NO
=.post-

=0

|
z=1.510-1m

Fig. 1 : Drawing from a scanned photograph of N

titration by NO. Conditions are given within the text.
Ar-NO

Ar-N, post-discharge

!
2.12 103

=0

z=1.510"m

z=210'm

Fig. 2 : NO,* mass fractions calculated by the model.

The yellow-orange emission of the 1+ system is very
well explained by the model. In the N stream, the mass
fraction of N atoms evolves from 4.16 104 to 8.32 105

discharge
Ar-Ny

over 0.12 m. The dark zone between the two streams is
also given by the calculations.
Ar-NO

Ar-N, post-discharge

1.30 101!

6.52 10'

Fig. 3 : NO(B) mass fractions calculated by the model.

Fig. 3 shows that the mass fraction of NO(B) is very
weak when compared to NO,* and that is why the N

stream turns from the orange to the green. The very pale
purple NO(B) emission stands at the end of the mixture
zone and is due to the fact that the experiment was carried
out at a NO flow rate of 85 sccm which is very slightly
greater than the extinction point. NO(B) is still present
when NO,* is completely consumed. The model permits

predictions on the mixture length required to do accurate
titration but also will help to conceive mixture devices.
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1.Introduction

The aim of this work is to obtain some experimental
values of temperature and electronic density in arcs with
ablated wall in silica. Arcs are due to the vaporisation of
silver (or copper) fuse elements in silica sand. The main
application of this type of study is in the manufacturing
of fuses. At the present time, the electrical
characteristics of a fuse are essentially determined by its
geometry, for instance : the width and the thickness of
the element, the section of the striction, the number of
strictions, the granulometric composition of the sand.
Modelling estimations concerning the prearcing period
are well established as they generaly take into account
the different ways of heat transfer [1]. On the other hand,
phenomena connected with arcs are not well known.
Empirical methods are often used to study this part of
the phenomenon [2]. Some calculations also can be
attempted, but one needs to know the values of the
temperature and the conductivity of the arc plasma [3].
So, the question which takes precedence over all others
is to know the temperature and electronic density in the
arc plasma, which determine then the electrical
properties of fuses.

Spectroscopic methods have been previously reported [4]
[51, which use metallic lines or use Si lines.
Unfortunately in the latter case, filters were used instead
of spectrometer recording. We will see that this may
induce some errors in temperature estimations.

2.Experimental set up

Fuse elements have an effective length of 36 mm, are
0.105 mm thick, 5 mm wide, 99.99% pure silver (or
copper). They have a single row of notches (0.5 mm in
diameter) punched in the center of the strip.

To permit spectroscopic measurements, we have used
special fuses which are like a half-fuse with a glass wall
[6]. On the one side, a 4 mm wide glass wall is put on
the fuse element. On the other side, the fuse is filled
with silica grains with a mean diameter of 0.4 mm. To
obtain arcs in it, a capacitor bank is used, which can
release an energy of 2100 J. The test fuse is associated
with a 1.5 meter focal length spectroscope with two
gratings (600, 2400 grooves/mm). The detector is a
Charge Coupled Device array (512x512 pixels). The
CCD detector is used in streak mode operation (also
called kinetic mode). The light is focused on a limited
area of the array (10 or 15 rows high), succesive spectra
are acquired and then shifted down to the rest of the array
providing a storage area for data. An electronic control
gear enables us to visualise the exact timing of spectra

acquisitions (as short as 0.1 ms each) associated with
the behavior of the current.

3. Experimental results
3.1 Metallic lines measurements

Previous experiments have been carried out with a
shorter focal length spectroscope (500 mm), and an
exposure time longer (30 ms) than the phenomena. We
have seen that only Cu lines at 511 and 515 nm were
suitable for our measurements. Morever, it is well
known [7] that these lines are not often self-absorbed.
The spectra obtained with our existing spectroscope
show a high level of continuous ligth which can
overshadow lines, and this, particularly during the flow
of current (Fig.1). It is interesting to note that this
result shows up the weakness of temperature
measurements obtained by the way of filters rather than
spectroscopic viewing. Nevertheless it is possible to
calculate temperatures where metallic lines emerge from
the continuous lumen. The ratio of relative lumen
intensity of 515.32 and 510.55 nm (respectively Em-
En=6.19-3.79 ¢V, Em-En=3.82-1.39 eV), of Cu is used
to calculate plasma temperature. It is seen on Fig.2 that
temperatures around 12000K are obtained after the flow
of current. We have to note that this method gives us
temperature values for the outer layer of the plasma, due
to the phenomenon of ionic migration as Agl or Cul
particules have a lower ionisation potential than Sil
particules. Morever, these lines cannot measure higher
temperatures because of their characteristics of
emissivity against temperature. To obtain inner layer
temperature values we tried to use Si lines.

3;2 Si lines measurements

Numerous viewings of spectral areas where previous
authors had observed Si lines have been done. The lines
observed in our plasma are reported in Tab.1. To carry
out calculations about these lines it is necessary to
verify that they are not self-absorbed. Self absorbtion
may be due to the reabsorbtion of the cold outer layer of
the same element which has a lower electronic density
[8]. We verified on SilI multiplets (2) and (4) the ratio
between line strenght due to L-S coupling [9]. The
results are given on Tab.1. It shows that there is no
self-absorbtion for these lines. Subsequent
measurements will have to be done with a suitable
spectroscope, which will enable us to obtain a
temperature estimation of the inner layer of the plasma.
We have also studied the profile shape of the Sill lines
obtained (fig.3). The lines have a Lorentz profile, which
permits us to verify that broadening is due to the Stark
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4.Conclusion
The recording of the evolution of spedctra against time

effect. An extrapolation of results obtained by Lesage et
al. [10] with a different kind of plasma gives us a value

for ng between 2.5 and 4.1017 cm3,

lumen intensity(a.u.)

current(A)
. 2500

0 10 20 0
Fig.1 : current (1) and continuous lumen (2) waveforms
against time (1 track=0.2ms).
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Fig.2 : current (1) and temperature (2)
waveforms against time (1 track=0.2ms).
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Fig.3: Sill multiplet profile shape at 635.51nm.

Si state: wavelength! highlevel: line strength ratio
(nm) V) S (uat)

I 637.14 10.06 17.7

i 634.71 10.07 :35.3 2 (th)

II (2) :635.51 53 1.9 (exp)

I 597.89 12.14 17 1.9 (th)

I 595.76 12,14 8.7

II (4) i597.21 26 1.7 (exp)

I 390.55 5.08 1.28

Tab.1: tabulated characteristics of lines detected in
our plasma.

has enabled us to see that during the maximum flow of
current the light emitted was mainly given by
continuous lumen. Any measurements based on
luminous intensity of lines should take this into
account.

At the present tine, it seems that electronic densities

between 2.5 and 4.1017 cm"3 and temperatures higher
than 12000K, can be reached in plasma fuses. In such
conditions, the attenuation caused by the liquid layer of
silica surrounding the plasma [11] of the ligth emitted
should be taken into account.

5.References

[1] J.G. Leach, A. Wright : “Analysis of high-
rupturing-capacity fuselink prearcing phenomena by a
finite difference method”, Proc. IEE., vol 125 n°g,
sept. 1973, pp 323-327.

[2] K.K. Namitokov, Z.M. Frenkel : “lnﬂuence of the
constructional features of the fusible element on arc
processes in fuses”, Elektroteknika, vol. 55, n°9,
1984, pp 59-61.

[3]1 Z. Frenckel : “The calculation of the parameter of
the plasma of the arc in a fuse”, Proc. of the fourth
ICEFA. Nottingham, UK, 1991, pp 235-240.

[4] L.A.V. Cheim, A.F. Howe : “Spectroscopic
observation of high breaking capacity fuse arcs “, IEE
Proc.-Sci. Meas. Technol., vol 141, n°2, March 1994,
pp 123-128.

[5] T.Chikata, Y. Ueda, Y. Murai, T. Miyamoto :
“Spectroscopic observations of arcs in current limiting
fuse through sand”, Proc. ICEFA Liverpool, UK,
1976, pp 114-132.

[6] P. Bezborodko, J. Fauconncau, R.Pellet :
“Experimental set up for spectroscopic measurements
of plasma arcs in fuses”, Proc. of the fifth ICEFA
Ilmenau, Germany, pp 259-264.

[7] S. Vacquié : “L’arc électrique et ses applications”, .
Club EDF Arc Electrique, Ed. CNRS, Tome I, 1984,
pp 255-334.

[8] N. Konjevic, W.L. Wiese : “Experimental Stark
widths and shifts for non-hydrogenic spectral lines of
ionized atoms”, J.Phys. Chem. Ref. Data, Vol 5, n2,
1976, pp 259-308.

[9]1 W.L. Wiese, M.W. Smith, B.M. Miles : “Atomic
transition probalities”, NSRDS-NBS (US) 22, vol II,
oct.1969,

[10] A. Lesage, B.A. Rathore, 1.S. Lakicevic, J. Puric
: “Stark widths and shifts at singly ionized silicon
spectral lines”. Physical Review A, vol 28, n°4, oct.
1983, pp 2264-2268.

[11] GJ. Lindford : “Time-resolved Xenon flash-lamp

~ opacity measurements”. Applied Optics, vol 33, n°36,

dec.1994, pp 8333-8345.

XX ICPIG ( Toulouse, France ) 17 - 22 July 1997.




TALIF and OES measurements for testing the validity of actinometry
applied to H-atom density estimation under Diamond Deposition
conditions

A. Gicquel®, M. Chenevier’, K. Hassouni®, J. P. Booth®,

a-Laboratoire d’Ingéniérie des Matériaux et des Hautes Pressions
CNRS-UPR 1311- Université Paris-Nord
Avenue J. B. Clément 93430, Villetaneuse France
b- Laboratoire de spectrométrie Physique
CNRS-URA 008, Université Joseph Fourier de Grenoble
B. P. 87, 38402, Saint Martin d'Heres, Cedex, FRANCE

Abstract

A study concerning the validity of the actinometry
method applied to H-atom density measurements is
carried out. A theoretical approach and measurements
involving Two Photon Allowed Transition (TALIF)
and Optical Emission Spectroscopy (OES) are used.

1- Introduction

In low pressure diamond deposition reactors operating
in H, + CH, mixtures, the role of the H atoms is
now largely accepted. Measurements of H-atom
concentration in volume and at the plasma / surface
interface may provide a better control of the diamond
deposition reactors. Although laser diagnostics
allowing these measurements are available today,
their use in industrial environments is unrealistic. On
the opposite, OES is well adapted for industrial
reactors. '

OES can be a very powerful technique for accessing
indirectly to ground electronic state species densities
and temperatures and then for better understanding the
processes occuring in a plasma. However,
measurements made by OES have to be used with
many cares. OES only provides measurements on
species in electronic excited states which participate
only in a minor proportion to the plasma or
plasma/surface chemistry and which are at
concentration level of less than 10 with respect to
species in 