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1. INTRODUCTION

Corona discharges, i.e. gas discharges in highly divergent electric field, belong
to the sphere of thermodynamically non-equilibrium and non-stationary low
temperature plasma. This kind of plasma is unstable, small fluctuations of
electron density or their temperature may cause huge quantitative and quali-
tative changes. Thus for example at near-atmospheric pressures in negative co-
rona the current may grow by nine orders of magnitude during few nano-
seconds.

Processes taking place near the el ectrodes often determine the reasons for the
development of ionisation instabilities. Generally the study of near-electrode
instabilities at high pressures is complicated, as the events are badly localised in
space and the feedback from the side of the discharge plasma overshadows the
processes studied. In the case of corona discharges the discharge events are
much better localised and the influence of the discharge plasma is considerably
suppressed. Besides, as it has been proved in many studies, in its initial stage
the feature of ionisation instabilities depends only weakly on discharge gap
geometry. Thus we may conclude that the results of corona studies highlight
also amuch wider areain plasma physics.

During last two decades a considerable progress has been achieved in under-
standing the corona processes. First, nowadays experimental technique allows
to record discharge characteristics with adequate time resolution. Secondly, a
number of fast algorithms have been worked out for discharge modelling. The
discharge mechanism is clarified solving a set of hydrodynamic eguations. The
results of the modelling are compared with the experiment and it seems that in
all cases at least a satisfactory coincidence is achieved for the discharge stage
where the discharge current is easily measurable. The problem is that the coinci-
dence is achieved in spite of very different assumptions about the emission
mechanism of first electrons. Consequently, only experiment could answer to
the question which model is favoured. At the same time the information about
the earlier discharge stage is rather poor.

On the foreground of the present study there is the experimental investi-
gation of the discharge stage preceding the fast rise of the current. The aim of
the thesisis to find out the model of emission and to compare the results of the
model with experimenta findings.

The paper has the following structure. Chapter 2 gives an overview of main
parameters characterising the negative corona discharges and the basis of
computer models. The description of computer models includes adso the
author’s comments. Further follows the description of the previous attempts of
the external triggering of the negative corona and the results concerning the low
current mode of the discharge. Mechanisms of el ectron emission, which assume
the participation nhon-metallic inclusion at the electrode, are presented in more



detail. The final section contains the problems to be solved in order to achieve
the aim of the paper.

Chapter 3 gives the experimental setup and means used for the triggering
and detection of discharge parameters.

Chapter 4 is dedicated to the el ectric field modelling and calculation of basic
data (like ionisation integral, etc) characteristic to the used discharge gap. This
chapter also involves the calculation of the current components of the avalanche
developing in the discharge gap.

Chapters 5, 6 collect the experimental results of the study. Besides, the final
section of Chapter 5 presents the calculations that allow to estimate the limit,
whence the space charge of negative ions plays an important role.

Chapter 7 brings out the model of emission. The validity of the model is
tested by the comparison of the model conclusions with experimenta findings.
The chapter ends with the list of open problems and proposals for further
studies.

Summary both in English and Estonian, presents the most important results
from the author’ s viewpaint.



2. BACKGROUND

2.1. Definitions

According to [1]: a corona is a self-sustained electrical discharge where the
Laplacian (geometrically determined) electric field confines the primary ioniza-
tion processes to the regions close to high-field electrodes.

Coronais called unipolar if the high-field region exists only near one of the
electrodes (active electrode). When DC voltage is applied to the discharge gap
and the high-field region is concentrated near the electrode of negative polarity
we speak about negative corona. The limited volume where the ionization takes
place is the ionization zone. The other part of the discharge gap is called the
drift zone. The favorite geometry of the discharge gap used in corona studies is
the point-plane geometry.

The basic data and results of negative corona studies till 1980s are collected
in[1, 2, 3]. The following overview describes the main regularities typical for
unipolar negative corona a pressures >10 kPa. As the gas medium and/or the
discharge gap geometry used in different studies differ considerably, the
numerical data have only an illustrative character.

2.2. Negative coronain different gases, Trichel pulses

The appearance of the corona discharge in electropositive gases was first
described in [4]. The observations were made in point-plane gap for discharges
in Hy, N, and Ar. In nitrogen two steady modes of the discharge were fixed. At
low currents only a faint and diffuse light was detected near the point while at
high currents the discharge contracts to the concentrated form. Similar studies
but in purer conditions were described in [5] where besides the description of
the discharge appearance a so the current-voltage characteristic was presented.
A more detailed study of the LCM in a point-plane gap and in pure nitrogen
at atmospheric pressure was carried out in [6]. Current-voltage characteristic
was recorded for two steady modes of a huge current difference (Figure 1). At a
certain voltage there occurs a spontaneous and fast transition from the mode of
the lower current to that of the higher current. We named the modes the high
current mode (HCM, region CEF in Figure 1) and the low current mode (LCM,
part AB in Figurel) of negative corona [7 (Paper 1)]. Current pulse cor-
responds to LCM-HCM transition and its peak value for experimental con-
ditions like during the recording of the dependence in Figure 1is~107 A.
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Figure 1. Current-voltage curve in pure nitrogen at atmospheric pressure; [6].

Usually, speaking about negative corona discharge the processes occuring
during LCM-HCM transition and/or HCM mode are referred to.

In electropositive gases the high-current mode, HCM, is controlled by the
current-limiting resistor and the capacitance in the power feed. Figure 2 reflects
the establishment of HCM occurring after LCM-HCM transition. In this case
the voltage drop at the discharge gap did not remain constant and in the gas with
0% of oxygen and for t > 5 u s the current decrease was caused by the decay of

the voltage drop. Addition of oxygen shortens the decay time of the current
pulse as well as the steady value of HCM current. Starting from a certain
oxygen concentration the steady form of HCM is missing and only a current
pulseis recorded. This pulse is known as Trichel pulse after G. W. Trichel who
first described the phenomena of negative corona [9]. A pulsed form of the
negative coronaistypical for gases containing el ectronegative components.
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Figure 2. Trailing part of the current of LCM-HCM transition in N,+O, mixtures at
atmospheric pressure; labels indicate the concentration of oxygen; [8].

At a fixed voltage a number of Trichel pulses arises. Very close to the onset
potential Trichel pulses follow each other in a random manner. Further growth
of the voltage leads to the establishment of a highly regular train of pulses
(Figure 3A) characterised by the repetition rate, RR(s7). Starting from the
pioneering studies [9] the regularity of pulses was linked with the space charge
of negative ions moving in the drift zone. The space charge field created by the
previous Trichel pulse reduces the tota field near the point thus breaking the
rise of the next pulse. [11] given a model of the phenomenon. Numerical
estimations show that the time interval between the pulses (i.e. reciproca of the
repetition rate) is considerably shorter than the drift time of negative ionsin the
gap. It means that a lowering of the field near the point is the effect of the
accumulation of numerous clouds of negative ions from the previous Trichel
pulses. Later it was found [10], that the first Trichel pulse rising has a con-
siderably larger amplitude than the following ones and a regular train es-
tablishes after some tens of pulses. The modelling carried out in [12], proved
the assumption that the space charge of negative ions accumulated in the gap
controls the repetition rate of Trichel pulses. Besides, the model describes pro-
perly the pulse sequence presented in Figure 3B and a good agreement between
the calculated and measured repetition rates was achieved [13].

12
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Figure 3. Train of Trichel pulses in oxygen; A — regular train; B — 15 first pulses;
[10].

2.3. Leading edge of Trichel pulses

The regularities at the trailing edge of Trichd pulse are clearly related with the
attachment coefficient and concentration of the el ectronegative component. The
situation at the leading edge is more complicated. At atmospheric pressure the
current growth by more than six orders of magnitude takes place during few
nanoseconds. Such a short rise-time overruled attempts to explain the current
growth by the development of successive avalanches [2]. The assumption that
during the current rise many avalanches develop in parallel gives a much better
prediction of the fast current rise [14]. This viewpoint was embodied in the
computer model of the first Trichel pulse [15]. In one-dimensional model a set
of continuity equation for electrons, positive and negative ions, was coupled
with Poisson’s equation. The equations included ionization, attachment, recom-
bination, and electron diffusion. It was the first study that gave insight to the
detailed mechanisms of the pulse development.

Two important details of the described model should be pointed out. First, it
was set that secondary electrons ensuring the self-sustained discharge, are
liberated by photonsi.e. 7,, feedback mechanism was assumed. Secondly, the

calculation wasinitiated by the release of 400 seed electrons.
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The model gave a physical background of Trichel pulse and the computed
current was very similar to that measured in oxygen. However, the calculated
waveform of the current at its rising part does not coincide with those recorded
in many experiments. A complicated structure of the current rise was first
recorded in [16]: there was a step at the leading edge. Later a number of studies
followed, where also the step (Figure 4) was recorded. The finding of the step
forced to modify the model presented in [15]. Its new version [18] explains the
step in terms of independent photon (y,,) and ion ( ;) feedback mechanisms.

Both photons and ions causing the feedback are created at the same moment but
the ions reach the point later. Thus the photons are responsible for the rise of the
step and the ions cause the main rise of the current. The experiment, [10],
specialy carried out for the verification of the model, seemed to prove the
assumptions.

> “/ﬁ\ ] {
3 ]
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Figure 4. Leading edge of Trichel pulse in oxygen; larger numbers of curves indicate
higher voltages; [17].

It should be pointed that the value y,, = 2x10™ used in [18], is close to the

literature data [19], while the value ¥, = 0.12 for near-atmospheric pressures

and molecular gases seems to be too high.

A large cycle of measurements [17, 20-24] was dedicated to the study of the
leading edge of the first Trichel pulse. The regularities of the step were recorded
for different gas mixtures as a function of overvoltage. The conclusion of the
authors was that the step is controlled by the photoemission feedback but in
contrast with [18], the main peak of the current pulse reflects the devel opment
of the cathode-directed streamer-like ionization wave. The last mentioned
experiments also found the dependence of the current waveform on the point
coating: adding the Cul layer to the Cu point made the step more pronounced.
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The dependence of the current waveform on the point material and/or coating is
also fixed in [10, 25, 26].

In the computer model [12] a similar set of continuity equations like in [15]
was the basis of the calculations. The most important difference was that the
model considers only the ion feedback and calculations were made for
¥ =107 The analyses showed the redlity of the cathode-directed ionisation

wave connected with the movement of the high-field ion-caused region. In the
current pulse the movement of the ionisation wave appears as the step and the
peak of the current corresponds to the moment when the cloud of positive ions
reaches the point. Authors stated a reasonable agreement with the experimental
results.

It should be pointed that the ionisation wave of the latter model and the wave
assumed in [17] are responsible for different parts of the current pulse. Besides,
as the properties of the ionisation wave should depend mainly on the gas
medium and voltage applied, it is difficult to explain the dependence of the
current waveform on the material of the point electrode.

The next model, [27], supposes that the ion-impact is the secondary emission
and initially was set 7, =0.5. Like in [15] the calculation started with 400

initial electrons. It was concluded that the brake of the initial current growth is
caused by the build-up of the plasma plume with a low value of the field
strength. For this reason the dope of the current growth reduces i.e. the step
appears. When the build-up of the plasma plume is complete, in its cathode-side
edge exits a high-field region. The growth of the ionisation rate in this region
causes the appearance of the current peak.

The advantage of the latter model is that the authors tested the influence of
different values of ¥ on the discharge current. The value y; =0.12 gave the

rise-time 10 ns, which is considerably longer than that recorded in experiments
at atmospheric pressures.

In [28, 29] it was supposed that the regularities on the leading edge could be
explained by the field emission. As the Laplacian field strength is considerably
lower than that needed for efficient Fowler-Nordheim type of emission a field
enhancement factor f was introduced. f was given values close to those,
usually used in the case of polished cathode surfaces. The best fit of the
calculated current waveform to the experimental one was achieved assuming
that the factor is time dependent i.e. = f,+ S(t). The growth of the
enhancement factor was linked with the formation of the cathode sheath. It is
remarkabl e that when the coefficient of the ion-caused feedback was artificially
set to zero, the current waveform did not change.

15



2.4. Triggering of Trichel pulsesand LCM
2.4.1. Onset potential

Computer models [12, 15] connect the rise of Trichel pulses with Townsend
condition of the self-sustained discharge yexp(j Oletf dx):l, where a4 In-

cludes both ionization and attachment coefficients. In the case of low-pressure
discharges in homogeneous field the coefficient ¥ depends on the cathode

material and it is possible to distinguish discharges ruled by ion and photon
feedback mechanisms [30]. In contrast, already in [31] it was found that Trichel
pulse onset does not depend on point material but it depends considerably on
the point history. An explanation of the effect was that at atmospheric pressures
the electron emission ability is determined by the gas absorbed at the surface
and not by the substrate material [3]. A little later it was found [3] that below
the onset potentia of Trichel pulses there exists a self-sustained discharge of a
very low current value. This finding forced to conclude that Trichel pulse onset
does not mark the onset of the self-sustained discharge.

2.4.2. Triggering methods

In order to determine properly the onset potential of Trichel pulse as well asto
clarify the reasons of itsrise, different methods of external triggering were used.
Attempts to use radioactive Ay sources for triggering were not successful,

as the probability of the creation of the triggering electrons in a very limited
volume near the point is low [3]. For this reason it was impossible to separate
initiated Triche pulses from those rising spontaneoudly.

The triggering by UV light from mercury lamp was sometimes lowering,
sometimes raising the value of the threshold potential. High intensities of UV
light suppressed Trichel pulses and a satisfactory triggering was achieved at low
values of the intensity [32]. Besides, a correlation was found between the
efficiency of UV triggering and the conditions at the point surface. The
presence of non-metallic specks at the point decreased the efficiency of UV
triggering.

A regular train of Trichel pulses was observed when the point surface was
covered with layers of non-metallic materials like MgO and Al,Os. This result
was explained by Madlter effect i.e. the charging of insulating layers by positive
ions [3]. When the field across a charged insulating layer reaches field emitting
proportions, the emission of electrons occurs. [33] also tested the dependence of
insulating coatings on Trichel pulse rise. Soft X-ray pulses were used for
triggering. A thin layer of the transformer oil shifted the onset of the
spontaneous (i.e. non-triggered) Trichel pulses to considerably higher voltages
but X-ray triggered pulsesrise at the same voltage like in the case of non-coated
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points. At higher voltages X-ray pulse initiates a number of Trichel pulses. The
results seem to prove the importance of Malter effect.

The effect of the point heating was first described in [34]. A small rise of
temperature turned the train of Trichel pulses irregular but when the heated
point started to emit in the visible region a regular pulse sequence was restored.
As the temperature became higher the repetition rate increased. Such behaviour
was explained by the changes of gas density near the point electrode. The role
of the point temperature was also studied in [35]. The current pulses were
triggered by XeCl (A = 308 nm) laser, changing both the irradiance at the point
surface and the voltage applied. The current peak was a function of irradiance
and voltage, and at afixed value of irradiance the peak depended on voltage like
it is typica for thermoionic field-assisted emission. In [36], where Trichel
pulses were triggered by the radiation of XeCl lamp, the influence of the point
temperature was also tested. For this purpose the infrared radiation was directed
to the point surface and more than 2-fold growth of the repetition rate was
recorded. As the experiments were carried out in airflow the changes of the gas
density played aminor role.

2.4.3. Low current mode (LCM)

Already the first studies of negative corona described the discharge phenomena
existing below the onset of Trichel pulses. The prepulses found were associated
with a faint glow near the point [3]. In the case of y -ray triggering [32] the

mean current was less than 1072 A, but the size of the current kicks exceeded
this value by severa orders of magnitude. The appearance of the pulses was
irregular and their size grows with the voltage increase. At the same time before
the o?sset of Trichel pulses the mean current induced by UV, reached the value
of 10 A.

In [37] the characteristics of the discharge induced by f-ray and UV

radiations were recorded. The values of the mean current in both cases were
close and changed with voltage from 10™ A to 107 A, while the amplitude
value of the current pulses was 10° A. The oil or Ca(OH), coatings caused a
growth of both the mean current and the amplitude of the pulses. Current pulses
arising at voltages below the onset of Trichel pulses are aso described in [38].
The pulses had a small (< 400 nA) amplitude and at lower voltages their train
was irregular. Near the onset the pulses appeared more regular and their
amplitude increased. The results of the study of the statistical properties of
Trichel pulses at AC voltages are presented in [39]. The appearance of the
pulses caled quasi-Trichel pulses, was connected with Malter effect. The
explanation was that the pulses appear when the intensity of Malter emission is
not sufficient for Trichel pulses. Pulses, preceding Trichel pulse were fixed in
[24] with considerably higher time resolution than in aforementioned studies. In
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CO, the pulses have an amplitude < 10™ A and they may transit to Triche
pul ses.

The regularities of the mean current of LCM in nitrogen are described in [33,
40]. In both cases the discharge was a self-sustained one. By appearance, LCM
of discharge was a very faint diffuse light near the tip of the point electrode.
The current-voltage characteristic of the discharge is time-dependent (Figure 1,
region AB): according to [33] after a voltage increment the value of a new
current value diminishes with time. The establishment of a constant current
value takes tens of minutes. At voltages very close to LCM-HCM transition the
current stagnation is replaced by an increase, ending with the transition. As the
current-voltage dependence for a certain time moment was linear in Fowler-
Nordheim plot, the authors supposed that the discharge of LCM is determined
by the field emission. In [40] it was found that it is possible to record the current
of LCM only in the case of the used gas, after a new filling of the discharge
chamber the current was not detectable. The effect was explained by the
desorption of e ectronegative impurities, which modify the discharge.

2.5. Emission mechanisms
2.5.1. Deviation from Paschen’s law

From the condition of the self-sustained discharge yexp(jaeff dx):l it is
possible to derive the relationship named Paschen’s law [41]

Uonset = f(Nd),

where Uq 1S the voltage at the threshold of the self-sustained discharge, N is
gas density and d is dectrode separation. The validity of the relationship is
experimentally controlled for DC, AC and even for microwave discharges [42]
in a very wide range of conditions, and it holds. Remarkable departures from
Paschen’s law appear only at near-atmospheric pressures and for fidds > 10° V/cm,
It should be pointed that the latter valueis close to the field strength at the point
surface at the threshold of negative corona.

In [43] the departure from Paschen’s law was explained by the field emis-
sion. The emission starts from small irregularities at the cathode surface where
the field strength achieves the value 10’ Vem ™. The space charge of the positive
ions created increases the field, thus causing a steep rise of the current. For
guantitative treatment the effective feedback coefficient y was defined as the

ratio of the field-emission electron current density to the incoming positive-ion
current density. The new criterion of the self-sustained discharge was in
agreement with the experiment.

In [44, 45, 46] another explanation of the role of the field emission was
presented. The emission current at the protrusion tip on the cathode causes the
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heating of the protrusion and finally it explodes. As aresult a burst of electrons
is emitted, giving a start to the breakdown. Several experimenta results prove
the validity of the model.

Three independent parameters are needed for the proper description of the
emission from the protrusion: the field enhancement factor, the size of the
emitting area and the work function of the electrode material. Experiments
allow determining only their combinations. The main problem is that setting
reasonable values of the enhancement factor and the work function lead to very
small values of the emitting area[44]. To overcome the difficultiesit is assumed
that other factors, like foreign inclusion and gas absorption a the electrode
surface influence the emission [45].

There is much in common in the initial stages of the discharge in vacuum
and high-pressure gases [45, 46, 47]. In both cases the values of the field
strength at the cathode surface are close, current follows Fowler-Nordheim (FN)
type of emission and emissive sites on electrodes in vacuum and gases are
spatidly correlated. At the same time in vacuum the situation is less
complicated and the regularities of the emission mechanism appear more
clearly. For this reason in the next two subsections are presented the models of
the electron emission in vacuum.

2.5.2. Didectric switching mechanism of emission

The road passed in the developing of the mechanism is described in [48-50].
Experiments show that the vacuum breakdown starts at fields, which are two
orders of magnitude lower from the value needed for effective FN emission
from metal. At the same time the recorded field enhancement factor at emissive
sites was <10. The next result was that the emission site has insulating
properties. On the basis of these findings was developed a quantitative model of
electron emission of metal-insulator-vacuum (MIV) structure.

Figure5 reflects the main steps of the switch-on an emissive site at the
cathode surface, taking place in the increasing electric field. The applied field
causes a bending of bands and the structure of MIV bands transforms
(Figure 5A, 5B). Figure 5B presents the situation when the electrons start to
tunnel trough the metal-insulator barrier. These eectrons fill the traps existing
below the bottom of the conduction band, Fermi level shifts towards the
conductive band and the height of insulator-vacuum barrier decreases. When the
traps are filled, the next electrons fill the surface states. As a result the field of
electrons at the surface states screen the bulk of the insulator from the external
field and it cuts the tunnelling from the metal (Figure 5C). The next increments
in the applied field lead to a situation, where electrons can again penetrate the
metal-insulator barrier (Figure 5D). Besides, because of lowering the thickness/
height of the insulator-vacuum barrier (Schottky effect) electrons are able to
penetrate and/or overcome the barrier i.e. the emission starts. Experiments
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verify that in the spectrum of the emitted eectrons exist both thermoionic and
tunnelling components.
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Figure 5. Emission mechanism of metal-insulator-vacuum (MIV) structure.
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2.5.3. Emission from electrodes coated with thin layers

Recently have appeared publications, [51-53], dealing with the experimental
and theoretical study of MIV structures. In these studies the thickness of the
insulating layer had the order of the magnitude of 10 nm. The coatings permit
an efficient emission at electric fields, which are 10°-10° times lower than in the
conventional case. The current-voltage curve has three characteristic regions.
The first one fits with that of FN type of emission. The second one is specific of
an emission of electrons through and over the insulator-vacuum barrier, which
has been lowered due to Schottky effect. At dtill higher fields very rapid,
explosive like, growth of electron emission is observed. There is a remarkably
strong dependence on the temperature: the increase of the temperature from
20 °C to 100 °C causes the current growth almost five times.

Figure 6 presents the calculated energy-band diagram evolution during the

growth of the applied field, the field increases from 5x10% to 1.4x10° Vem™
[53]. The evolution has two characteristic steps. During the first step (electron
injection) the electrons penetrating the metal-insulator barrier are accumulated
near the insulator-vacuum interface. The space charge of electrons causes the
bending of bands. Substeps a, b, ¢, in Figure 6 correspond to the different values
of the accumulated space charge. During the next step the band structure inside
the insulator remains almost unchanged but the height and thickness of the
insulator-vacuum barrier is lowering with the growth of the applied field. The
spectrum of the emitted electrons has the thermoionic and tunnelling compo-
nents. In the last stage of emission dominates the thermoionic component.
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Figure 6. Steps of electron emission for thin dielectric coatings; [51].
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2.6. Conclusions and resear ch program

As it follows from the overview, nowadays knowledge about the negative
corona allows a satisfactory explanation of processes taking place during the
current decay. The same conclusion is valid in the case of the repetition rate of
Trichel pulses.

The hydrodynamic approach is used in al computer models of Trichel pulse.
The data, like ionization and attachment coefficients, etc do not differ much, but
considerably different electron emission mechanisms are supposed. The most
amazing is that al models give satisfactory coincidence between the calcula-
tions and experiment. Consequently, only on the basis of the information
extracted from the models it is impossible to make reliable conclusions about
the mechanism of Trichel pulserise.

The information about the low current mode of the discharge is rather poor.
It seems that the mode has two components, the steady and the pulsed one but
the relationship between them as well as their role in the Trichel pulse forma
tion remains open.

It seems that the models assuming FN type of emission work in the case of
gas discharges at high values of the reduced field i.e. in the short discharge gaps
and/ or at values of the voltage, which considerably exceed the onset voltage. If
the model is working also in the case of corona discharge near its inception
voltage, is not clear.

Experiments showed that the rise of Trichel pulse is related with non-
metallic inclusions at the cathode. The problem is that the surface-gas interface
isavery complicated physical system and such important parameters like nature
and thickness of inclusions are not known or they change because of plasma-
surface interaction.

We assume that the clarifying of the mechanism of LCM should give better
understanding of processes responsible for the rise of Trichel pulses. The task of
the study could be achieved if
e The temperature, humidity and pressure of the gas medium are controlled or

fixed, the medium is dust free.

e The non-metallic coatings have controlled composition and thickness and a
sufficiently long life time.

¢ Rdiable triggering methods of the discharge are elaborated.

e The dependence of the discharge characteristics as a function of triggering,
coating type, and applied voltage is recorded with a sufficient time resolution.

e Theelectric field distribution in the discharge gap is modelled.

e On the basis of the field distribution the basic data like ionisation integral,
drift times of charge carrier etc are caculated for the discharge gap used.

e Themodel of emission should be drawn.

e Conclusions from the model should be compared with the experimental
results.
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3. EXPERIMENTAL SETUP

3.1. Discharge chamber
Figure 7 presents the main parts of the experimental device.

=-Uu

+U

Figure 7. Sketch of the experimental device; F — dustfree airflow; U — power supply;
U — power supply for additional corona; G — set of grids, DL — deuterium lamp;
L1, L2 — lenses; Ch — rotating chopper; D — diaphragm; M — measuring circuits.

The experiments were carried out in an aluminium chamber of cross-section
20x20 cm®. The point-plane discharge gap has spacing 4cm. The plane
electrode was an aluminium plate of 15 cm diameter. In its centre there was an
aperture of 5 cm diameter covered with a stainless steel grid of mesh size 2 mm.

The power supply allowed to change the voltage with a smallest step of
10 V. In different experiments either point or plane electrodes were stressed.

3.2. Point electrodes

The point electrodes were 10 mm long wires of 1 mm diameter with a
hemispherical tip. In total more than fifty point electrodes made of platinum
(Pt), molybdenum (Mo) and copper (Cu) were used. Firstly the points were
mechanically polished. Their curvature radius differed from 0.5 mm not more
than 10 um and under 100-fold magnification their surface seemed to be
smooth. After mechanical treatment all points were cleaned in an ultrasonic bath
using petrol, acetone and tridestilled water. Before and between experiments,
electrodes were kept in dried helium medium.
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Both point electrodes without special coatings and the ones with non-
metallic coatings of controlled composition and thickness were used. Table 1
givesthelist of the point types used.

The electrodes with TiO, and HfO, films were prepared using atomic layer
deposition method [54, 55]. Deposition temperature as low as 100 °C was
chosen in order to obtain the coatings of minimum surface roughness. The films
grown in this way were amorphous. TiO, films have the optical band gap of
3.3 eV [56] and according to the literature data [57] the HfO, films have the
optical band gap > 5.5eV.

Tablel
Substrate | Coating Procedure

1 | Cu fresh washed in distilled water or ethanol

2 | Cu aged casel+24h

3 | Cu oxidized case 1 + heating (150° C, 1 h)

4 | Cu Cul soaking in solution of 1 g/l iodinein
acetone for 5 min [17]

5 | Cu 3 & 70 nm of HfO, atomic epitaxy [54, 55]

6 | Cu 3& 100 nmof TiO, atomic epitaxy (TiCl,/H,0, 100° C,
1 nm = 10 cycles) [54, 55]

7 | Cu C spraying surface with Graphit 33 [17]

8 | Cu ion bombardment glow dischargein Ar at 10 kParunning
for 5 min[17]

9 | Mo fresh likeincase 1

10 | Mo aged likein case 2

11 | Mo 3 & 70 nm of HfO, likein case 5

12 | Mo 1,3,70& 100 nmof | likeincase6

TiO,

13 | Pt fresh washed in distilled water or ethanol

14 | Pt aged natural

15 | Pt C like case 7

16 | Pt ion bombardment like case 8
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At least two samples of every point type were used. Because of the
discharge-surface interaction the discharge characteristics changed with time.
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Figure 8. Oxidized Cu point; stressed point; A — repetition rate as a function of time,
U = 8.2 kV; B — repetition rate as a function of voltage, 1 — virgin point, 2 — used
point.

In [58] we recorded the repetition rate of Trichel pulses as a function of time.
Figure 8A presents the temporal change for a virgin point at a fixed voltage: the
repetition rate increases gradually with time. Furthermore, for virgin points the
dependence on voltage was missing (Figure 8B). Both dependencies in
Figure 8B were recorded in a similar manner: firstly the voltage was increased
by 0.2 kV step (8.0 —» 8.2 — etc) and then decreased (— 8.5— 8.3—).
After a 20h break (used point) the repetition rate depended on voltage almost
linearly. Described temporal changes were more pronounced in the case of thick
layers, like 100 nm of TiO,, and were practically missing for thin layers.

Asit was fixed by scanning electron microscope, at the surface of the points
appeared craters of diameter 1 4 m. It is remarkable that even for points with-
out specia coatings in the sites of craters the traces of non-metallic inclusions
were aways detected (Figure 9).

To reduce the influence of the morphological changes the study of Trichel
pulses was made in a comparatively narrow range on voltages where the
repetition rate was less than 10*s™. In this case a good long-term re-
producibility of results was achieved. LCM of the discharge did not cause any
remarkable changes at the point surface.

3.3. Medium

According to the experiments and modeling, the presence of solid and liquid
particles could considerably change the discharge parameters [60, 61]. At the
same time the negative corona originates a number of chemical reactions and it
isasource of fine dust particles [62, 63]. Finally, atoms/moleculesin metastable
states, created by corona, could extract electrons from the cathode. Accumu-
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lation of al these particles in the discharge gap may lead to changes in the
discharge parameters. For this reason the experiments were carried out in a
dust-free airflow.

PtMe

SiKu

Figure 9. X-ray spectra of Pt point. Shadowed area — spectrum of a site at the point
surface, which is not influenced by Trichel pulses; the peaks of foreign inclusions are
recorded at the position of a crater [59 (paper |1)].

The rate of the airflow entering the discharge chamber, was changed from 0 to
9ms™. Dust and ions in the entering ambient air were removed. A high-
efficiency fibre filter was used: only particles of less than 10 nm in diameter
were recorded by an aerosol spectrometer [64] and their concentration was
< 10° cm™ [65]. With the help of a heat exchanger it was possible to fix the
temperature in the limits 15-30°C. The air pressure p changed within the limits
741-772 Torr. The value of the relative humidity was set using a droplet-free
humidifier [65]. The temperature, relative humidity and pressure were recorded.
V oltages U, recorded in the experiment were reduced to the standard conditions
(Po = 760 Torr and Ty = 293 K) according to the relationship U =U,p,T/ pTy -

3.4. Triggering methods

Two externa ways of the triggering of the negative corona were used: the flux
of positiveions and the ultraviolet (UV) radiation.

Flux of positive ions was created by an additional source of positive corona
(Figure 7). Two different forms of additional corona were used. When the point
electrode of the additional corona source was hemispherically capped, the
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additional corona existed in the form of positive (steady) glow. In the case of a
conical point, there was a pulsed (streamer) corona. The repetition rate of strea-
mers (= 5-10% s™) was determined by the outer circuit of the additional corona

The flux of ions entering the main discharge gap was changed by changing
the rate of the airflow, by the voltage applied to the source of additional corona
and by changing the grids G. Grids of mesh size 8, 4, 2, 1.3 and 0.8 mm were
used. To diminish a possible influence of the light emitted by the additional
corona to the discharge in the main gap, there were small light-tight screens in
the central parts of the grids.

The mean current of ions in the main gap was calibrated as a function of the
current of the additional corona, the mesh size of the grids and the airflow rate.
The calibration was carried out at voltage = 500 V below the onset potential of
Trichel pulses. In the case of the pulsed form of the additional corona, the
amplitude value of the current corresponding to the bunch of the ions was at
least three orders of magnitude higher than the mean current.

Our first attempt of UV triggering is described in [66]. For triggering we
used the radiation of the laser-formed plasma. XeCl laser created at Pb target,
situated behind the plane electrode, a plasma plume. The plume radiated a light
pulse of the quasi continuous spectrum in the range of 200600 nm. An adequate
triggering of Trichel pulses was achieved. Unfortunately, the delay time
between the initiating pulse and Trichel pulse changed with time. This effect
was related with the dust produced by laser plume: Auger spectrometer detected
specks of Pb at the point surface. This drawback forced to find other ways of
UV triggering. The final setup of UV triggering is presented in Figure 7.

The deuterium lamp DL (L 6302, Hamamatsu) was used as a source of UV
radiation. Quartz lenses L1, L2 directed the radiation to the point surface. By
calibrated diaphragms D it was possible to change UV intensity at the point
surface by two orders of magnitude.

Using different sets of absorption filters it was estimated that the triggering
becomes efficient at wavelength < 350 nm. According to the datasheet of the
deuterium lamp [67] and the parameters of the optical system we estimated the
number of photons incident on the point surface. It was found that at the
wavelength region <350 nm the photon flux 10" s™ corresponds to the
maximum intensity value used. It is a rough estimation and the actual flux of
photons may differ from the number presented by an order of magnitude.

The chopper Ch formed rectangular light pulses of 50 us rise/fall time and
usuallly the duration of pulses was = 3.4 ms. The repetition rate of pulses was
50s™.
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3.5. Recorded discharge parameters

Discharge characteristics change in wide limits. Temporal changes may be as
short as a few nanoseconds, which is typica to the rise of Trichel pulses, or as
long as 1 h, which istypical for the establishment of the stable emissivity under
the influence of UV radiation. Similarly, the order of the smallest detectable
current was = 0.1 nA, while the peak of the current of Trichel pulse exceeds
10 mA. For this reason a number of recording devices was used to record the
discharge parameters. Table 2 presents the list of the devices used for the
detection of the discharge current. The second column presents the lower limits
of the current starting from which it was possible to record signals with the
given bandwidth and/or rise-time. Where it was possible, the rise-time of the
recording system was determined experimentally, using test pul ses.

A special attention was paid to suppress the influence of the external electro-
magnetic interference. The discharge chamber was screened according to
recommendations given in [68] and thus the dominant noise was mainly caused
by preamplifiers. In the case of the temporal measurements it was possible for
pulses of a good reproducibility (like steady component of LCM) to use the
average mode of the digital oscilloscopes, which considerably improved the
signal/noise ratio.

Table 2

Range of measured
parameters
Bandwidth/rise time of
the recording system

Phenomenon studied Equipment

Repetition rate of

counter C3-34A (Russia)

Current of LCM
initiated by pulsed
UV radiation

0.1 MHz, t=5us

Trichel pulses
Waveform of Trichel > 40 pA digital osc Tektronix TDS-540B
pulses 0..500 MHz,t=1ns | (sample mode)

>1UA preamp (op. amp. NE5539N

0 100uM Hyz (Philips)) + digital osc Tektronix
. TDS-220 (sample mode)

Current spikes

>1nA preamp (op. amp. LM318) +

0. 1 MHz digital osc Tektronix TDS-220

(sample mode)
Current of LCM >0.1pA electrometer V7E-42 (Russia)
initiated by steady >0.1nA X-Y recorder EZ-11
UV radiation t=1s (Czechoslovakia)

>1nA preamp (op. amp. LM318) +

digital osc Tektronix TDS-220
(average mode)

>0.1nA
0...0.01 MHz

preamplifier (different types) +
digital osc Tektronix TDS-220
(average mode)
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4. CALCULATION OF BASIC CHARACTERISTICS

4.1. Field distribution

As we found, [69], for calculation of the discharge parameters in electronega
tive gases the use of different approximation formulae for field distribution does
not give satisfactory coincidence with the experimental results. For this reason
we modelled the field distribution for the point-plane gap used. In the calcula
tions the influence of the discharge chamber walls on the field distribution was
also taken into account.

The distribution of the Laplacian electric field E(x,r), where r denotes the
distance from the gap axis, was caculated numerically. The rectangular com-
putation domain was first divided into a uniform square grid having 5 nodes per
millimetre. The domain was set alittle larger than the discharge gap. On the gap
axis, the condition of symmetry was used. In the vicinity of the point electrode
(about 1 mm around the point electrode tip), we made additional iterations. The
domain was divided into a square grid having 100 nodes per millimetre.

The potential of each node was calculated using finite difference method
together with the successive over-relaxation method [70]. For the convergence
criterion of the iterations there was the requirement that the relative residua in
the iterative process should not exceed 10 at each interior node.

The accuracy of the computing algorithm was tested by the numerical
evaluation of the well-known field distributions of coaxial cylinders and con-
centric spheres. The difference between analytical and numerical results was
less than 0.5%.

Finally, the electric field strength was found for each node using the values
of potentia of that node and surrounding nodes.

To check the calculation quality of the electric field strength, we have calcu-
lated the normalization integral. It differs from the applied voltages less than
10V.

Figure 9 gives the distribution of the equipotential lines. The distributions of
equipotential lines for stressed plane and point differ considerably. In the case
of the stressed plate in the remarkable part of the space between the electrodes,
thefield is amost homogeneous both in axial and radia directions.

Figure 10 gives field distributions calculated at voltages corresponding to the
inception voltages of Trichel pulse of a certain point electrode. Asit should be,
in the ionisation zone the field distributions coincide with each other
(Figure 10A). In the drift zone, the axial components of the fields have a big
difference (Figure 10B): in the case of the stressed plane electrode, the field is
much higher than it is for stressed point electrode.
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Figure 9. Equipotential lines in the case of stressed anode (left) and stressed cathode
(right).
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Figure 10. Field distribution along the gap axis at the onset of Trichel pulses,
A — ionisation zone; B — drift zone.

4.2. Drift time and ionisation integral

For drift velocities of electrons, v,, and positive ions, v, as well as for ionisa-
tion coefficient « and attachment coefficient 77 we used the formulae given in

[71]. The formulae based on the experimental data of [72]. In the case of nega-
tive ions one should consider besides the electron attachment also the detach-
ment and conversion processes [73, 74]. According to our test calculations, the
influence of the detachment was negligible because of the very limited extent of
the high field region, and the conversion was practically a simultaneous process.
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For these reasons both the ionisation and attachment were characterised by one
coefficient, /gt -

For the mobility of negative ions x, (cm?V's™) we used the experimental
datafrom [72], the best fit of the data was

U, = 2.31-0.0056(E / p) E/p>19.64 V-cmi-Torr™
U, =22 otherwise.

It should be mentioned that the calculated value of O, mobility at low values of
the electric field strength is 3.3 cm?V s [75]. The discrepancy between the
measured and calculated values of the mobility could be explained by the
conversion of the simple ions into complex ones. In air and for times > 10" s
O, (H,0), ions are the dominating ones [76]. The mobility values used in our
calculations correspond to n = 4-5 of O, (H,0), ion.

The electrical wind may influence the movement of the negative ions in the
drift zone[77]. In our case the effect was very small compared with the drift
velocity in the electric field.

5

Stressed point

Stressed plane

Drift time of negative ions t4, ms

5 7 9 11 13 15
Voltage U, kV

Figure 11. Drift time tq of negative ions from point to plane as a function of voltage.

Figure 11 demonstrates that the remarkable difference of the field distributions
for stressed point and plane in the drift zone causes more than two times diffe-
rence of the drift times of negative ions. Figure1l2 gives the time

X
Aty = [dx/v,, asafunction of the distance from the point electrode.
0
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Figure 12. Drift time of negative ions, Aty, versus distance from the point; stressed
point, U =8.2kV.

According to Figure 13 the numbers of eectronsin an avalanche, exp(]org dX) ,

calculated at the onset of Trichel pulsesfor stressed point and stressed plane, are
very close. Once again, the result confirms that the onset phenomena are mainly
determined by the field distribution in the ionisation zone.
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Figure 13. Number of electrons in an avalanche as a function of voltage; arrows
indicate the avalanche sizes at the onset potential of Trichel pulse.

As calculations showed, for used discharge gap geometry the values of
exp(] orgr dX) and exp(Jodx) are very close. It means that the number of posi-

tive ions created by an avalanche equals to the number of electrons. The reason
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of this coincidence is that in our case the attachment occurs at the distances
from the point where the ionization is practically missing.

4.3. Current components of avalanche

The current in the external circuit of the discharge gap was calculated according
to Ramo - Shockley theorem [78, 79].

To calculate the electron component of the avalanche current, the gap was
divided into discs, the thickness Ax of which in the axial directionwas1 um. It
was assumed that at any time instant the electrons are only in one disc, i.e. we
neglected the diffusion. The amount of electrons in a disc k was calculated as
Ne(K) = [aer (K)4x +1]Ne (k=1), and the current of the electron component as

ity )= e% No(k)Vy Where t, = %%

It was assumed that during the drift of the electrons the ions do not move.
The number of postive and negative ions in the disc k is
N, (k)= a(k)Ng(k-1ax and  N,(k)=n(k)Ng(k-1)Ax, respectively. To
calculate the current of positive ions the gap was split into discs with thickness,
AX , which corresponded to the distance that ions pass during 10 ns, i.e. the

thickness of the discs changed in the space. In the case of negative ions for
times t <190us the thickness of adisc, Ax, , corresponded to the time interval
0.1us, and if t>190us, 1us step was used. Then we found the amount of ions
indiscs Ax,and Ax, and calculated the current. To calculate the current at the
next time moment the ions were lifted to the next disc.

As it was tested, the results received by this procedure did not differ
remarkably from those received using more sophisticated (and considerably
more time-consuming) algorithms.

As it follows from Figure 14, the peak value and duration of current com-
ponents have a huge difference.
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Figure 14. Calculated waveforms of current components; ie, ip, in — €lectron, positive
ion and negative ion components, respectively; stressed plane, U = 13 kV.
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5. TRIGGERED TRICHEL PULSES

This chapter presents results concerning the studies of the repetition rate of
Trichel pulses.

5.1. Common regularities

For a certain point type only the applied voltage was not the only factor
determining the repetition rate of Trichel pulses. For al points tested we
observed long-term memory effects e.g. the repetition rate depended on how
long was the break between two measurement cycles. Memory effects were
recorded even when the morphological changes of the point surface were not
detectable. When the break was comparatively short (<1 h) the first spontaneous
(i.e. externally non-triggered) Trichel pulses started in the stagnant air at the
voltage range U, = 8.1-8.3 kV. Near these onset potentials the train of Trichel
pulses was very irregular.

We found, [80], that the repetition rate of Trichel pulses in airflow was
always smaller than in stagnant air. When the break between two measurement
cycles was half an hour or more, the spontaneous Trichel pulses did not appear
even at voltages exceeding considerably the onset potential Uy (Figure 15). UV
radiation of low intensity triggers pulses starting from a voltage which is close
to the onset potential Uy. lons are able to trigger discharge at voltages U < Ug
but in this case the repetition rate increased with the voltage more slowly. When
for triggering UV radiation and ion flux were used simultaneoudy, the rate of
the growth of the repetition rate is close to that of UV triggering and further
lowering of the inception voltage of Trichel pulsesis recorded. Using externa
means of triggering, very regular trains of Trichel pulses were achieved: each
point in Figure 15 presents the average value of 12 recordings. Even at the
lowest repetition rates the standard deviation was less than 20%.

Figure 16 presents the relationship between the repetition rate and the mean
current of corona. The dependencies for both triggering methods are linear but
the dopes are dightly different. As the dope gives the charge per Trichel pulse,
O, it seems that ion-created Trichel pulse is somewhat larger. The average

value of the charge per pulsewas g, ~ 7x107° C.
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Figure 15. Repetition rate as a function of voltage; labels indicate the manner of
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Figure 16. Mean current versus repetition rate; Pt point; Trichel pulses are triggered by
positive ions and UV radiation.
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5.2. Triggering by flux of ions

All the figures presented in this section belong to the initiation by the steady
flux of ions. In the case of triggering by pulsed ion flux the regularities were the
same but the standard deviation of the repetition rate was larger. The values of
the ion current presented were recorded at the voltage 6.9 kV. A good repro-
ducibility of the results was achieved when the time interval between the
settings of the new values of the voltage, U, and the ion current, i;, was at least
10 min.

Asit follows from Figure 17, at a fixed value of the ion current the repetition
rate is a linear function of the voltage; the slope of the dependence increases
with the ion current. Besides, there is a certain minimum value of the ion
current starting from which the triggering becomes efficient. The growth of the
ion current reduces the inception voltage of Trichel pulses. Figure 18 presents
the decrease of the inception voltage, AU =U ;, —Uy, , as a function of the

ion current. Here U,,, corresponds to the minimum value of the ion current
starting from which the triggering becomes possible. Every point type had its
own characteristic value of the ion current starting from which Trichel pulses
were triggered (Figure 19).
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Figure 17. Repetition rate as a function of voltage; labels — current of ions, UA;
Cu + 70 nm TiO, point; stressed point.
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Cu+ 70 nm TiO, point.
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Figure 19. Repetition rate as a function of voltage; labels — applied voltage; filled
symbols — Pt point; open symbols— Cu + 70 nm TiO, point; stressed point.

A set of the dependenciesin Figure 20 is typica for al the point types studied:
initial fast rise of the repetition rate with the ion current is replaced by slower
linear growth at higher ion currents. At the linear parts of the curves the dope
for all voltages is amost the same. It is remarkable that the dependencies
become linear nearly at the same value of the ion current.
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Figure 20. Repetition rate as a function of ion current; labels — applied voltage, kV;
Cu + 70 nm TiO, point; stressed point.

Figure 21 presents the diminishing of the repetition rate after the interruption of
theion flux.
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Figure 21. Repetition rate as a function of time; at the moment t =0 the flux of ions
was interrupted; non-oxidised Cu point; stressed point, U =8.1kV; solid line cor-
responds to the exponential decay of = 16 stime constant.

39



5.3. Triggering by steady UV light

Like in the case of the ion triggering the measurements were carried out in
airflow. Before the recording of the repetition rate the point electrodes passed a
conditioning procedure: they were exposed to UV radiation at voltages below
the inception voltage of Trichel pulses. After this procedure a very good repro-
ducibility of the dependencies was achieved even at low values (< 100 s™) of
the repetition rate.

The inception voltage of the triggered pulses depends both on the point type
and UV intensity. In contrast with the ion triggering the inception voltage was
never lower than the onset potential, Uy, of the spontaneous Trichel pulses in
the stagnant medium. The difference between the inception voltages for diffe-
rent point types was large (Figure22). As a rule, higher intensities of UV
radiation shifted the inception voltage towards its higher values. The effect was
especially pronounced for Pt point. Apart from the voltages very close to the
inception voltage, the repetition rate was a linear function of voltage. At a fixed
voltage the repetition rates for various point types differ considerably but the
slopes of the dependencies are close.
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Figure 22. Repetition rate as a function of voltage for different point types; two
intensities of UV radiation, |, = 4l,; stressed point.

In contrast with the ion triggering, for UV triggering the threshold value of the
intensity was missing: Trichel pulses were triggered even by UV radiation
scattered from the walls of the discharge chamber. Figure 23 demonstrates that
near the inception voltage the growth of UV intensity causes the saturation of
the repetition rate. The saturated values of the repetition rate have a very strong
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dependence on voltage. Furthermore, for Pt point UV radiation may totaly
suppress Trichel pulses (Figure 24).
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Figure 23. Repetition rate as a function of UV intensity for different voltages,
Mo + 1 nm TiO, point; stressed point.
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Figure 24. Repetition rate as a function of UV intensity for different voltages; Pt point;
stressed point.

5.4. Influence of space charge

As it is widely accepted [9, 11], and proved by modelling [12], the repetition
rate of Trichel pulses is controlled by the space charge of negative ions. At the
same time the above-presented dependencies indicate that the repetition rate is
also influenced by the point type and the intensity of the triggering source.
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In order to check the influence of the negative ions accumulated in the gap,
the space charge field was calculated using the method of discs [81]. In
calculations the effect of mirror charges was taken into account. It was set that
the charge of negative ions equals to the charge produced by a Trichel pulse. In
our calculations we neglected the longitudinal diffusion, i.e. it was supposed
that during the drift the negative ions of a Trichel pulse are concentrated in the
limits of one disc. Like in [12] we supposed that the cloud of negative ions
drifting towards the anode widens in the direction perpendicular to the gap axis,
according to the Warburg law [82], but in calcul ations we used the values of the
field strength at the gap axis.

The calculations were carried out for stressed point at voltage U = 8.2 kV.
The positions of space charge clouds belonging to subsequent Trichel pulse,
were determined on the basis of Figure15. Figure 25A presents the field
distribution caused by negative ions for a hypothetical case when the repetition
rate is 5000 s . Compared with Laplacian field (Figure 10) the distortion of the
electric field distribution in the ionisation zone is considerable. Similar calcu-
lations made for repetition rate 1000 s showed that the total reduced field at
the point surface diminishes only by 0.4 Vem *Torr ™.

As it follows from Figure 25B even at repetition rate 1000 s™ the space
charge causes remarkable reduction of the avalanche size. As the drift time of
negative ions moving out of the gap axis is longer, the influence of the space
charge should appear even at lower repetition rates.

Figure 26 is a good demonstration of the effect of the negative space charge.
Here the discharge is triggered by UV pulse of 4 ms duration (more details of
the discharge triggered by the pulsed UV light are presented in the section 6.3).
The peaks of Trichel pulses are cut off and the long low-current tails of pulses
correspond to the drift of negative ions. The mean time interval between Trichel
pulses presented in the figure, is 0.95 ms which corresponds to the repetition
rate ~1000s™.

The latter value of the repetition rate belongs to the stressed plane.
According to Figure 11 near the onset of Trichel pulses the drift time of
negative ions for stressed point exceeds that for stressed plane more than three
times. Therefore already at repetition rates > 300 s™ the accumulation of the
negative space charge could influence the discharge parameters.
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Figure 25A. Field distribution caused by the space charge of negativeions; U =8.2kV;
stressed point; repetition rate — 5000 s™.
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Figure 25B. Growth of avalanches in space; labels correspond to different repetition
rates; U = 8.2 kV; stressed point.
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The space charge effect explains easily the large difference between the repeti-
tion rates recorded at a fixed voltage for two point types (Figure 22). Indeed,
let’s assume that the coefficient of the secondary emission, 7, is larger for Pt

point. Thus, if the equality yexp([aeﬁ dx):l is the condition of the rise of

Trichel pulse, the pulse arises at lower fields. Consequently, for this point the
space charge has a smaller influence i.e. the repetition rate achieved at a fixed
voltageis higher.

Nevertheless, some results indicate that the space charge is not the only
factor determining the repetition rate. For instance the repetition rate increases
with the voltage faster than it follows from the decrease of the drift time of
negative ions. Indeed, increasing the voltage from 8 to 9 kV diminishes the drift
time from 3 to 2.4 ms (Figure 11). At the same time the repetition rate increases
more than four times (Figure 20). Even more drastic growth follows from
Figure 23: the growth of the voltage by 0.2 kV leads to the increase of the
repetition rate by ten times.



6. LOW CURRENT MODE

The chapter deals with the experimental study of processes leading to the rise of
Trichel pulses.

6.1. Conditioning

As it was described in previous chapters, such important characteristics of
Trichel pulses like the inception voltage and the repetition rate have a strong
dependence on the prehistory of the point electrode. For this reason many re-
ports in the field of negative corona contain a remark like * before the recording
of the discharge parameters the point electrode was conditioned’. The condi-
tioning guarantees a satisfactory reproducibility of the recordings but as a rule
the actual meaning of the conditioning remains unopened. It appeared that in the
case of the low current mode of the discharge the memory effects play even
more crucia role. Therefore we tested the long-term changes of the discharge as
afunction of influencing factors.

The recordings were carried out at voltages where UV radiation was not able
to trigger Trichel pulses. When the point was not illuminated the current was
less than 10 A. The latter value corresponded to the noise level of the
recording system.

At set values of the voltage and UV intensity the current depended on the
rate of the airflow. Before the switch-on of the airflow the gap was stressed and
the point was illuminated during half an hour. Figure 27 reflects a typical long-
term change in the discharge current after the switch-on of the airflow at t = 0.
This effect was reversible i.e. if the airflow was switched off, the current decay
was observed during the same characteristic time interval. The current value
established after the conditioning period became independent on airflow rate if
the latter exceeded 3.5ms™. The time interval needed for conditioning was
different for different point types.

Another medium parameter influencing the current of LCM was tempera-
ture. At fixed values of the voltage, airflow rate and UV intensity a small
growth of the temperature caused the current increase by nearly 50%
(Figure 28). Asthe change of the reduced field due to the diminishing of the gas
density was negligible, the effect might be related only with the emissivity of
the point electrode.
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Figure 27. The influence of airflow on discharge current; airflow was switched on at
t=0; Pt point; U = 7.4 kV; stressed point.
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Figure 28. Current as afunction of temperature; airflow rate — 4.4 ms™; stressed point.

At afixed voltage after the switch-on of UV radiation the stationary value of the

current establishes during a final time interval. This interval depended on point
type (Figure 29) and it was the largest for Pt point.
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Figure 29. Temporal changes of the photoinduced current; arrows indicate the moments
when UV radiation was switched on/off; airflow rate — 4.4 ms™; stressed point.

Furthermore, the rise-time of the current depended on how long was the break
between two successive measurements (Figure 30). In the case of 16 h break the
discharge gap was not stressed, but during 15 min break only UV radiation was
missing.
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Figure 30. Current as afunction of time; labels indicate the duration of the break of UV
illumination; Pt point; airflow rate — 5.3 ms™; U = 8.4 kV, stressed point.

A point once conditioned maintains its emissivity during a long time interval.
Before recording the dependence in Figure 31 the point was conditioned at
voltage 8 kV and a maximum UV intensity, | =1, the corresponding current
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value was 150 nA. At the moment t = O the voltage was switched to 6.8 kV. To
establish a new stationary value more than three hours were needed and the
process was influenced only a little by interim minute-range changes of UV
intensity.

Current i, pA

0 50 100 150 200 250 300
Time t, min

Figure 31. Current as a function of time; Pt point; U = 6.8 kV, stressed point; airflow
ratle — 3.5 ms™; | — UV intensity, arb. units; solid curve follows the dependence for
maximum UV intensity.

As it was explained above, there are many factors that influence the current of
LCM. Negligence of these regularities impedes the achievement of reliable
results. For this reason al points tested passed the following procedure. Before
the measurements the airflow was switched on and a point was exposed to UV
light of maximum intensity. During the exposition the applied voltage was
=~ 100V below the inception voltage of Trichel pulses. The duration of the
conditioning time was half of hour. The procedure guaranteed a good day-to-
day reproducibility of the results.

6.2. Current induced by steady UV light

Under our experimental conditionsi.e. in a dust free airflow LCM is non-self-
sustained. This section includes the results dealing with the current of LCM
induced by the steady UV radiation. The upper limit where the current was
recorded coincided with the inception voltage of Trichel pulses. First the results
of our studiesin thisfield were publishedin [7 (Paper 1)].

Asit follows from Figure 32 even in air at atmospheric pressure the cathodes
without special coatings have considerably different quantum yields of photo-
emission (emitted electrons per incident photon). But a more important finding
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is that the relationship between the quantum yield and the substrate material is
missing. Indeed, the workfunctions of Pt and Mo are 5.65 and 4.6 eV, respec-

tively, while the quantum yield of Pt point exceeds that of Mo by more than
three orders of magnitude.
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Figure 32. Photoinduced current as a function of voltage recorded at a low value of UV
intensity; stressed point.

Artificia coatings change substantially the emissivity of the electrode (Fi-
gure 33). The discharge current depended not only on the coating material but
also on its thickness. From the viewpoint of the enlargement of the quantum
yield thin layers are the most efficient. At the same time the inception voltages
of Trichel pulses recorded at low UV intensities seemed to remain unchanged.
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Figure 33. Effect of the electrode coating on the current; dashed line indicates to the
inception voltage of Trichel pulses; stressed point.
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At afixed voltage and for all point types the photoinduced current was a hon-
linear function of UV intensity. The same trend of the saturation was recorded
independently on how large was the current corresponding to the maximum UV
intensity. Figure 34 gives a typica current-versus-intensity dependence. The
currents, ima, corresponding to the maximum UV intensity, were recorded at
voltages 8.06 kV (Mo + TiO, point) and 7.93 kV (Cu + HfO, point). The similar
behaviour was characteristic for points where the maximum current was of
1 u A range (Pt and Cu + Cul points).

For point types of a comparatively large value of the quantum vyield it
appeared that larger values of UV intensity shift the inception voltage of Trichel
pulses towards higher values of the voltage. Recording of the dependencies in
Figure 35 was stopped when Trichel pulses appeared.
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Figure 34. Current as afunction of UV intensity; stressed point, corresponding voltages
arein the text.
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Figure 35. Current as a function of voltage for two UV intensities; |y = 101,; AU; —
the shift of inception voltage; Pt point, stressed point.
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6.3. Current induced by pulsed UV light

In the section 6.2 we described a non-linear dependence of the photoinduced
current on UV intensity. Although it seems that the trend of saturation was not
related with the current value, still the space charge of negative ions could have
some influence on the discharge characteristics. For this reason in the next cycle
of the experiment UV pulses of a low repetition rate triggered LCM of the
discharge. In this case the space charge of negative ions produced during the
previous pulse does not influence the discharge during the next UV pulse.
Before the measurements the points passed the same conditioning procedure
like described previoudly.

In [83] we found that during the rise of UV pulse the current growth does not
follow that of UV intensity and the current increase seemed to depend on the point

type.
6.3.1. Common regularities

Further all UV intensities are related with | for which we estimated the value of
the photon flux incident on the surface of the point electrode.

In Figure 36 there is a series of the current pulses triggered by UV pulses of
50s" repetition rate. During the recording the voltage was set just at the
inception voltage, U;, and so not each UV pulse led to the rise of Trichel pulse.
At lower voltages only pulses of LCM were recorded. A more detailed insight
of LCM pulses clarified that they have a complicated structure. Besides the
steady component of LCM current there were short-duration current spikes that
have a peak value which exceeds considerably the current level of the steady
component. The voltages where the current spikes were detectable were related
to the inception voltage, U;, of a certain point type and not to the absolute value
of the voltage. Because of the limited number of recording points Figure 37
does not pass the actual size of the current spike.
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Figure 36. Series of current pulses induced by UV pulses; UV intensity | = lg;
Mo + 1 nmTiO, point; U = 12.7 kV, stressed plane.
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Figure 37. Two components of LCM current; UV intensity | = 0.016l;
Mo + 1 nmTiO, point; U = 12.65 kV, stressed plane.

At voltages more than 100 V below the inception voltage only the steady com-
ponent of LCM current was detectable. The waveforms of the steady component
recorded in the case of stressed point and plane differ considerably (Figure 38).
Compared with the stressed point LCM current of the stressed plane had a
shorter duration and after a transition period it reaches a nearly constant value,
further named as the plateau current, ip.
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Figure 38. UV pulse and steady component of LCM; left — stressed point; right —
stressed plane.

6.3.2. Steady component of LCM

This subsection presents the results of the experiments carried out at voltages
where only the steady component of LCM arises. Current waveforms were mea-
sured for several point types changing both voltage and UV intensity.

The regularities of the current waveform in Figure 39 were typical for all
point types at lower voltages and/or at low values of UV intensity. First, the
current rises with arate comparable with that of the light pulse. The next current
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increment lasts t, ~1 ms and then the current reaches its plateau value, ip. At

the end of UV pulse the current passes the same fast and slow stages like at the

beginning of the pulse. The slow stage of the current decay takes place when the
point illumination is already missing.
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Figure 39. Normalized waveforms of measured (M) and calculated (C) current pulses;
stressed plane; other symbols are explained in the text.

For point types (e.g. Pt, Cu, Cu+ Cul), having large values of the quantum
yield the growth of the voltage and/or UV intensity leads to the appearance of
an overshot at the beginning of the current pulse. According to Figure 40 the
magnitude of the overshot increases with the growth of UV intensity.
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Figure 40. Cu+ Cul point; waveforms of the current at different UV intensities I;
U =13.5kV, stressed plane; smooth curves present the results of calculations.
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The plateau current, ip, is a non-linear function of UV intensity (Figure 41).
This sub-linear dependence is characteristic even for points of small values of
the plateau current [84 (Paper II1), Figure 4] but compared with the similar
dependencies carried out at steady UV radiation (Figure 34) the trend of the
saturation is less pronounced. Figure 42 demonstrates that deviation from a
linear dependence increases with the voltage growth.
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Figure 41. Different types of point electrodes; current ip as a function of the intensity I;
U=125kV, stressed plane; points are results of experiment; lines are results of
calculations.
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6.3.3. Current spikes, transition to Triche pulse

First we described spikes in [7 (Paper 1)], the results of more detailed studies
are presented in [59 (Paper 11), 85].

As it was mentioned (subsection 6.3.1), at voltages close to the inception
voltage, U;, current spikes appear besides the steady component. The spike in
Figure 43A was recorded at the largest possible bandwidth of the recording
system, which still allowed to separate the useful signal from the noise. As it
was checked the current oscillations before and after the spike are caused by the
noise and not by the fluctuations of the steady current component.

The waveform of the current spike was recurring (Figure 43 A, B) and it did
not depend neither on the point type nor on the value of the plateau current of
the steady component.
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Figure 43. A — single spike; B — average of 16 spikes recorded at the same triggering
level of the oscilloscope as the single spike.

During UV pulse several current spikes started but only the characteristics of
the very first current spike was studied. The peak of these pulses varied, the
smallest detectable spike had the peak value of 1 uA. Figure44 gives the

amplitude distribution of first spikes recorded at a voltage just below the
inception voltage of Trichel pulses. Figure 45 presents the temporal distribution
of the first spikes during UV pulse. The moment of the appearance of the first
spike depended on the level of the plateau current. The higher was the level the
earlier thefirst spike started. As arule when in > 100 nA, the spike raised at the
first front of UV pulse. Besides, the growth of the plateau current lead to the
diminishing of the total number of spikes arising during UV pulse. Large values
of the plateau current could totally suppress spikes (Figure 46).
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Figure 46. Influence of plateau current to spikes; Pt point; stressed plane, U = 12.5 kV.
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Figure 47. Steady component, spikes and Trichel pulses induced by UV pulse of low
intensity; Pt point; stressed plane, U = 12.6 kV.

The dependence in Figure47 is recorded at the voltage which is by 100V
higher than it was for data in Figure 46. When the value of the plateau current is
small, a number of Trichel pulses could rise during UV pulse. The maximum
number of Trichel arising during UV pulse is determined by the drift time of
negative ions (Figure 26). At the same voltage the growth of UV intensity
increases the plateau current. A result is that only one Trichel pulse arises and it
starts already at very low instantaneous values of UV radiation.

The distribution function of the time interval between the beginning of UV
pulse and beginning of Trichel pulse [7 (Paper 1), Figure 15] is very similar to
the same distribution for spikes (Figure 44). It was supposed, [7], that current
spike triggers Trichel pulse. Indeed, Figure 48 demonstrates that Trichel pulseis
preceded by spike. The time interval between the closest spike and Trichel
pulse, tsr, as well as the height of the spike, is, varied in large limits and the
correlation coefficient between them was not high (Figure 49). Nevertheless, it
is remarkable that the corresponding trendline follows the dependence

-
ts'rocls .
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Figure 48. Spike-Trichel pulse sequence; Cu point; UV intensity | = Iq; stressed plane,
U=14kV.
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Figure 49. Delay time versus height of the spike; trendline is dashed, solid line follows
the dependence tg o< ig .

6.3.4. Characteristicsof Trichel pulse

As it was mentioned in chapter 2 the onset potential of the spontaneous Trichel
pulses does not depend on the point material. On the contrary, the inception
voltages of UV-triggered Trichel pulses depend on the electrode material and
the electrode coating.

Table 3 includes data of the inception voltages for different point types.
Trichel pulses were triggered by pulsed UV radiation at the intensity | = 1. [85]
presented a similar table for the intensity | = 0.016l,. Very different values of
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the plateau current, ip, correspond to the inception voltages, but any correlation
between iy and the inception voltage is missing. The result is not surprising as
at larger currents of the plateau Trichel pulse arises preferably at the very
beginning of UV pulse i.e. a a low instantaneous value of UV intensity
(Subsection 6.3.3). At the same time there is an obvious correlation between the
inception voltage and the electrode coating; as a rule the coating diminishes the
inception voltage. The only exception is 70 nm TiO, coating.

Table3
Point type Inception voltage, kV Plateau current, nA
stressed plane,
Pt 12.6 500...850
Pt+C 12.0 7...9
Cu 13.9 325
Cu+C 12.0 10
Cu + Cul 13.7 640...760
Mo 135 <1
Mo+ 1nmTiO, 13.0 70...110
Mo+ 70 nmTiO, 13.7 8
Mo + 3 nm HfO, 13.1 26...80

Figures 50-54 present waveforms of Trichel pulses, which were recorded using
preamplifiers of different sensitivities and bandwidth. Usualy only the most
intensive parts of the current pulse are recorded like in Figure 50. For repetitive
Trichel pulsesin the similar discharge gap the current peak had value of 6 mA
while the current decay followed the same temporal dependence [86]. In
Figure 51 there is the leading edge of the same pulse as in Figure 50 but it is
presented in the linear time scale. The duration of the step is = 0.5 ns. Before
the step the current growth is faster than exponential, later the current increase
slows down. At the same voltage the extent how pronounced the step was,
varied from pulse to pulse. Similarly, the current peak of Trichel pulse varied
during different recordings in the range of few milliamps.
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Figure 50 . Trichel pulse; aged Cu point; stressed plane, U = 14.2kV; | =0.03 I,.
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Figure 51. Leading edge of Trichel pulse; aged Cu point; stressed plane, U = 14.2 kV;
| =0.03 Iq.

Actualy the current of Trichel pulse lasts during much longer time interval than
it follows from Figure 50. Figure 52 brings out two characteristic regions on the
time scale where the current decay fastens. The positions of these regions vary
from pulse to pulse but the shifts occur conjointly. These characteristic regions
were more or less pronounced for all points tested and they appear at the
moments, which are close to those in Figure 52.
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Figure 52. Decay of Trichel pulse; waveforms of six pulses; Cu+ C point; stressed
point, U = 13.8kV; | = 0.016l.

Further current decay is smooth and the total duration of the current pulse is
=1 ms (Figures 53, 54). The latter is close to the calculated drift time of nega-
tiveions, tgy, in the gap (Figure 11).
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Figure 53. Mo + 3 nm HfO, point; stressed point, U = 13.8kV; | = 1.
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7.MODEL OF EMISSION AND CONCLUSIONS

As it appeared from previous chapters there are many factors influencing the
rise of Trichel pulse. Indeed, one could trigger Trichel pulses both by ions and
UV radiation. In the case of UV initiation we observed non-linear effects, it
means that the explanation of the regularities only by some one-step emission
process is impossible. Besides, even the low current mode had a complicated
structure influenced by UV radiation. The regularities were the simplest in the
case of the steady component of LCM. Furthermore, in this case we achieved
the best reproducibility of measurements and there were no temporal limitations
from the side of the recording system.

The aforecited factors were the reason why we used the data of the steady
component of LCM for the setting of the emission model [84 (Paper 111)].
Later the conclusions of the model are compared with the experimental
findings.

7.1. Model of emission

At first glance sub-linear dependencies of the plateau current, i, on UV inten-
sity, I, (Figure 41) could be caused by the space-charge effects of negative ions
drifting in the discharge gap. In this case the effect of the current saturation
must be more pronounced for points of larger currents. At the same time
im = f(U) dependencies for points having considerably different current values
(Figure 55) practically coincide. This fact forces to overrule the assumption that
the processes in the discharge gap control the current.

1.E+06 . 1.E+06

1.E+05 - + 1.E+05

1.E+04 - + 1.E+04

units
Avalanche size

1.E+03 - + 1.E+03

Reduced current i /F, arb.

1.E+02 = : : . : 1.E+02
9 10 11 12 13 14 15
Voltage U, kV

Figure 55. Reduced current ip/F and calculated number of electrons in an avalanche
versus applied voltage; factors F for Pt, fresh Cu and aged Cu are related as 8/2/1; UV
intensity | has a fixed value; solid line — FN dependence fitted with experimental
points.
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In [59 (Paper 11)] we tried to explain the non-linear dependence ip = f(1) by the
accumulation of positive ions at the point surface. A layer of positive charge at
the point surface should reduce the field in the ionisation zone. Indeed, an
estimation gave asimilar dependence of the plateau current on UV intensity like
the experiment did (Paper |I, Figure 1). However, more careful calculations
forced to reject the assumption.

Finally we supposed that the observed saturation trends of the photo-induced
current are related to the properties of the cathode emissivity. Extra assumption
was that non-metallic inclusions at the point surface have a decisive role in the
emission mechanism. Indeed, the principal differences between the dependen-
ciesfor specially coated and non-coated points were missing. Furthermore, even
in the case of Pt point the discharge started from the region of the point
electrode where non-metallic microinclusions were embedded (Figure 9).

There is much in common in the initial stages of discharges in vacuum and
high-pressure gas [46]. In vacuum, the experiments affirm the model of emis-
sion, which assumes the existence of non-metallic inclusions at the electrode
surface (subsections2.5.2, 2.5.3). On the ground of the above-mentioned
circumstances we describe the emission according to the sketch in Figure 56.
The sketch is close to that used for the explanation of the emission in vacuum
(Figures 5, 6). The sketch should give the metal-insulator-gas band structure
established after the conditioning procedure.

..
.

Figure 56. Model of photoinduced emission in the case of metal (M)-dielectric (D)-gas
(G) dtructure; V. — valence band; C — conduction band; F — Fermi level; other
symbols are explained in the text.

According to Figure 56 the photons transfer the first electrons, e, into gas from
areservoir of a finite capacity at the didectric-gas (DG) interface. The number
of electrons emitted per second is proportional to UV intensity, I, and the
amount of electrons, Ng, in the reservoir. If ¥ is the probability that a photon
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liberates an electron from the reservoir, then Mgl is the number of electrons

emitted per time unit, i.e. it isthe frequency v (s*) of avalanches. Therefore the
electron component of the current is

e =eMNgl exp([aeﬁ dx) (1),

where eis elementary charge.

The number of electrons in the reservoir, Ng, changes with time. The
reservoir is filled with eectrons tunnelling through MD barrier (flux J). The
amount of the eectronsin the reservoir Nr diminishes due to the photo-induced
emission (rate Ngl ), the recombination of electrons with a part S of the

positive ions created by the discharge avalanches (rate SyNgl exp(j it dx)),

and other losses (time constant 7). Thus, the rate equation for the electrons in
thereservoir is

dN N
d—tRZJ—TR—?NRl [1+ﬁeXp(jaefde)] 2
As it follows from (2), at the initial moment (i.e. | = 0) the amount of the

electronsinthereservoiris Ng(0) =Jz, and at the current plateau

Jr

NR=17 ¥t (L+ B expl[ orgsr X)) 3)-

7.2.Current of LCM

In this section the calculated values of exp(j it dx) (Figure 13) are used and it

is set that the arbitrary UV intensity, 1o, corresponds to the photon flux 10 s™.
The latter value results from the estimation in section 3.4.

Replacing Nr in (1) by the expresson (3) and assuming that
S exp(j Ol dx) >>1 give for the plateau current

v exp(jaeﬁ dx)
1+ yzf epr Oles dx)

The order of magnitude of the factor K in (4) is one and it takes into account the
percentage of the ion components in the plateau current. The relationship (4)
was fitted with the experimenta dependencies varying yz, [ and J. Actually
the listed variables are not independent, i.e. if the value of one variable is fixed,
it is possible to change the others in the limits less than 20%. Figures 41, 42
confirm that the model describes properly the dependence of the plateau current,

(4).
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im, both on the intensity and voltage. Dashed straight lines in Figure 41 present
the results of the calculations when we neglected the second term in the
denominator of the expression (4).

For a certain point type, 5. has a fixed value, which does not depend on

voltage: in the case of Cu+ Cul point, f was close to one and for

Cu + 3 nm HfO, point it was ten times smaller. For the same mentioned point
types the fluxes J differ by two orders of magnitude (at U = 12.5 kV 5x 10" and
5x 10 s, respectively) and they are voltage-dependent. The latter result is not
surprising, as the emission through MD barrier follows the same Fowler-
Nordheim (FN) type regularities like in the case of field emission from metals.
The height of the barrier of MD interface is considerably lower than that for
metals as it equals to the difference of the work function of the metal and the
affinity of the dielectric. According to [87], the flux could be presented as

J=AV exp(—%] ),

where V is the voltage drop at the dielectric layer and the values of A and B
depend on electrical properties of the dielectric. We assumed that the voltage
drop V is proportiona to the voltage U applied to the gap, and varying A and B
we fitted the relationship (5) with the experimental results. Figure55
demonstrates that FN dependence is close to the experimental one.

The value of the product yr was almost the same (= 10 s) for all points

tested. This, a little bit unexpected result should indicate that at atmospheric
pressures both the emission probability y and the time constant of losses 7 are

determined by the surrounding gas medium. From the latter conclusion follows
that the role of the reservoir is played by the surface states of DG interface, the
structure of which is determined by gas absorbed at the point surface [88].

In order to find the temporal changes of the photo-induced current, first the
equation (2) was solved numerically and then the time-dependent frequency of
the avalanches v(t) = Ng(t)I (t) was calculated. If the frequency v(t) and the

waveform of a single avalanche are known, it is possible to calculate the photo-
induced current. The true waveform of the avalanche current is the sum of its
components, presented in Figure 14. Because of the limited bandwidth of the
recording system the waveform of the avalanche deforms and at the screen of
the oscilloscope asignal should appear likeit is presented in Figure 57.
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Figure 57. Calculated waveform of avalanche current as it could be recorded after
passing the circuit of 5us time constant; U =13 kV; inset — approximation of the
avalanche current.

To reduce the computing time, the avalanche waveform was approximated by
straight lines (Figure 57, inset) and the photo-induced current was found as

i(t) = XV (NAYI g (t - NAY) (©).

In calculationswas set At = 1 ps and n = 4000.

The measured and calculated curves in Figures 39, 40 are very closei.e. the
model describes properly the main features of the photo-induced discharge.
When fitting the calculation results with the recorded temporal changes of the
current it was possible to determine the parameters ¥ and r separately, the

time constant of losses for the curvesin Figure 40is = 200 ps.

The results of the calculations allow to interpret the regularities of the
recorded current waveforms. The fast rise of the current (Figure 39) is mainly
caused by the movement of positive ions and electrons in a high electric field
near the point e ectrode, while the dow rise of = 1 ms duration reflects the drift
of the negative ionsin the low field region. The current reaches its plateau when
the negative ions arrive at the plane electrode. When the illumination of the
point stops, the positive ions are quickly removed from the gap and the
electrons are attached, these events cause the fast fall of the current, but the
negative ions continue their drift towards the plane electrode. The drift of the
negative ions is the reason why the current is recorded after the end of the light
pulse. There is a remarkably large contribution (=30%) of the negative ion
component to the total current.

The reason for the current overshot in Figure 40 is that at the initial moment
the amount of electrons penetrating MD barrier is not able to balance the num-
ber of dectrons leaving the reservoir, and Ng diminishes from the initial value,
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Jz , to a new equilibrium value. This new equilibrium value corresponding to
the current plateau depends both on the voltage, V, and intensity, I.
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Quantum yield
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0.E+00 T ; T
0 0.4 0.8 12 16
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Figure 58. Quantum vyield at the current plateau as a function of intensity at three
different voltages; aged Cu point.

The product Ng has the meaning of quantum yield, i.e. it characterises how

many electrons per photon are liberated from the electrode. As Ni is a function
of time, the quantum yield is also time depending. In the case of the discharge
triggering by a short UV pulse, the value of the quantum yield should be
considerably larger than that for steady UV triggering. Besides, Figure 58
demonstrates that the value of the quantum yield at the highest voltage used
changes with the intensity growth more than four times. In spite of a large
uncertainty of the estimation of the photon flux these numerical values of the
guantum yield are rather close to those given in the literature [ 19].

7.3. Meaning of conditioning

The purpose of this section is to match experimental results presented in
section 6.1 with the proposed emission model.

Under steady UV radiation the establishment of a stationary value of the
discharge current could last several minutes. For this reason it has sense to
connect the conditioning only with the changes occurring in the band structure
of the electrode (Figure 56). We assume that in gases the band structure, MDG,
passes during the conditioning the same steps like the band structure in vacuum,
MDV, does.

In the case of vacuum emission (Figures 5, 6) the band bending is caused by
the filling of surface states at the dielectric-vacuum interface. The filling is
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achieved due to the increase of the voltage drop at MDV structure. The similar
bending of bands should also occur in case the third component of the structure
is gas. Compared with vacuum, the main difference is that the voltage growth is
not the only reason of the filling. First, in experiments the voltage was changed
in a very limited range and, secondly, at a fixed voltage UV radiation causes
considerable time-depending growth of the current (Figure30). There is a
correlation between the band gaps of the coating materials and the recorded
current values. Indeed, the currents for points with TiO, and HfO, coatings of
the same thickness differ considerably (Figure 34). So, it seems that during the
conditioning UV photons transfer the electrons to the surface states from the
valence band. In other words, the role of UV radiation is similar to the voltage
increment. Once established, MDG maintains its structure during a very long
timeinterval (Figure 31).

The fina value of the photo-induced current could be larger or smaller than
it is at the moment of UV switch-on (Figure 29). Obvioudly, the result depends
on the competition between the charging and discharging (section 7.1, (2)) of
the reservoir, the reasons of both processes are connected with UV radiation.

The current dependence on airflow lasts during a long time interval
(Figure 27). It should point that gas layers absorbed at the point surface have a
large influence to the surface states.

The current has a strong dependence on temperature (Figure 28). One of the
explanations could be that the temperature change alters the absorption/
desorption equilibrium of the gas thus influencing surface states.

7.4. Speculations concer ning spikes and Trichel pulses

According to the results of section 7.2 the emission model proposed works. The
question is, could the model explain the experimental findings related with the
current spike of LCM and Trichel pulse.

Spikes are added to the steady component of LCM due to the voltage
increment. As the spike characteristics differ considerably from those of the
steady component, the spike appearance should be connected with some
changes of MDG dstructure (Figure 56). In vacuum an explosive-like growth of
emission is caused by the lowering of the height of DV barrier (Figure 6,
trangition from step 2 to step 3). Let us assume that a similar change is the
reason of the spike appearance. In this case the solid line indicating the height
of DG barrier in Figure 56 should be replaced by the dashed line. It means that
electrons in the reservoir become ‘hot’ and no external help is needed for their
emission.
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Figure 59. Electrotechnical circuit replacing MDG structure in the case the emission of
hot electrons becomes possible. Symbols are explained in the text.

For further comparison of experimental findings and the emission model we
replaced MDG structure by a simple electrotechnical circuit (Figure 59). In the
figure MD barrier is replaced by a non-linear resistor Ryp, the resistance of
which depends on the voltage drop, V, a MDG structure. Electron reservoir at
DG is presented as a capacitor Cg, which have leak (resistor R, ). When the

point electrode is illuminated, an extra resistor, R,, is switched to the capacitor.
The capacitor is charged by electrons penetrating MD barrier, and discharged
through R, and R,. The position of the switch, S, depends on the charge in the

capacitor. At a certain value of the charge the switch closes and the capacitor
discharges with the time constant CzRp. The burst of emitted el ectrons gives the
beginning of the current spike. In addition to the applied voltage, the appearance
of spikes depended on the UV intensity, at higher values of the intensity the
spikes did not rise (Figure 46). The finding matches with the model. Indeed, as

R, o< |71, the charge in the capacitor may never reach the value needed for

closing of the switch, S.

At the inception voltage the spikes and Trichel pulses coexist and the rise of
Trichel pulse is related with the preceding spike (Figures 48, 49). The time
intervals between the spike and Trichel pulse were big compared with the drift
time of positive ions in the gap. So, the triggering effect of spikes could be
explained only by the accumulation of spike-created positive ions at the point
surface. The similar effect of accumulation explains the finding in section 5.2
where the repetition rate of Trichel pulses did not depend on if the flux of
triggering ions had pulsed or steady manner. The accumulation of ions at the
point surface could change the voltage drop at MGD structure. The last
assumption is supported by alinear dependence presented in Figure 18.

An enlargement of the voltage drop a& MGD structure causes further
lowering of DG barrier and a considerably larger burst of electrons is emitted

i.e. Trichel pulse arises. As R, o |, UV intensity should have the same
influence on Trichel pulses like it had in the case of spikes. Indeed, the growth
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of UV intensity suppresses Trichel pulses (Figure 24), thus shifting the incep-
tion voltage towards its higher values (Figure 35).
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Figure 60. White — waveform of the avalanche calculated for U =13 kV, stressed
point; black — measured waveforms of Trichel pulse; further explanationsin the text.

Although no contradiction between the model and experimental results was
found, the description of the phenomena was totally qualitative. Some quanti-
tative data could be obtained comparing the waveform of Trichel pulse with that
of the avalanche.

Figure 60 compares the current of Trichel pulse with the current of an
avalanche. In the figure the calculated waveform of the avalanche current is
simply the sum of the current components presented in Figure 14. The measured
current waveform was compiled of the dependencies in Figures 50, 52-54
(parts 14, respectively). It should be pointed that the parts of the experimenta
curve belong to different recordings. Furthermore, the point electrodes as well
as applied voltages were different. It means that for a certain time moment the
current values may differ by 20%. The last-accounted reasons give the basis to
estimate the coincidence of the curvesin the current-scale as a good one. Thus it
is possible to estimate that at the start of Triche pulse approximately 10°
aval anches devel op.

Examining the temporal changes it is easy to distinguish the regions where
the different current components are dominating. In region 1 the electron
component is dominating; region 2 reflects the drift of positive ions, and 3, 4,
the movement of negative ions. The difference is the largest between the
electron components and this demands a special study.
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As the first approximation let us assume that the electron emission follows
an exponential decay characteristic to the discharge of the capacitor, Cg, in
Figure 59. If the frequency of avalanches is set then assuming Laplacian field
distribution it is possible to find the corresponding current as it was done earlier
(relationship (6), section 7.2). The electron component of the current was
calculated setting the time step At= 0.1 ns. Figure 61 compares the calculated
waveform and Trichel pulse. In calculations the decay time of emission was
characterised by the value of 3.5 ns.
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Figure 61. Measured Trichel pulse (M) versus cal culated waveform (C).

Bearing in mind how simple the starting considerations of the cal culations were,
the coincidence could be estimated as a good one. Of course, the calculated
curve does not follow the temporal changes at the leading edge but it is not the
main task of the present calculations. More important is the result that the
essential discrepancy between the curves appears only for times larger than
15 ns. It means that till this moment the field distortion by ion space charges
plays anegligiblerole.

It seems that our results are closest to the considerations that form the basis
of the modelling presented in [28, 29]. Similarly to our studies the electron
emission follows FN type of dependence that depends on time. Besides, like in
our case, it seems that during the first ten nanoseconds of Trichel pulse
devel opment the feedback from the discharge side has a negligible influence on
the emisson. However, in these studies the field enhancement factor was
introduced to achieve the field strength needed for an efficient FN emission
from metals. In our model where the emission is governed by the tunnelling
through metal-dielectric interface the field strength needed is considerably
lower.
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7.5. Open problems

In the previous sections of the chapter no contradictions between the model and
experiment were found. Nevertheless, there are a number of open problems,
demanding further studies.

It was supposed (section 7.2) that the product 7 is determined by the gas

composition. Unfortunately, it is only an assumption. In order to verify the
assumption, measurements should be done in the gas medium of more
determined composition than it is ar. Adding to the main gas some
additives (like O,, CO, etc) and recording dependencies like in Figure 40
should prove/overrule the assumption.

Asit was found, the conditioning procedure prepares MDG structure. Using
different ways of conditioning, the parameters of the emitted burst of
electrons should ater and the waveform of Trichel pulse should reflect the
change.

The experiments were carried out with spectrally unresolved UV radiation.
It was supposed that the radiation is responsible both for the charging and
discharging of surface states. At the same time it is hardly possible that the
value of the energy gap and the height of DG barrier coincide. So it is
possible that photons ensuring the filling of surface states belong to other
spectral region than photons causing the electron emission. Only spectra
measurements could clarify the actual situation.

The model brings to the foreground the properties of MD barrier. In this
case the third component of the eectrode structure should have a minor
role. Consequently, some regularities (like long-term memory effects) of
metal-dielectric-metal structure should be close to those observed in the
case of MDG structure. It is comparatively easy to check the assumption
carrying out paralel studies with layers of the same composition and
thickness.
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8. SUMMARY

The paper presents the results of experimental and theoretical study of the low
current mode of negative corona. The purpose of the study was to find the
electron emission mechanism that is responsible for the rise of negative corona
pul ses.

The main idea of the study based on earlier observations that the presence of
non-metalic inclusion at the electrode favours the rise of negative corona
discharge. For this reason a systematic study of negative corona was carried out
also with electrodes, which had coatings of known composition and thickness.

The development of the conditioning procedure as well as the reliable
technique of the external triggering of the discharge allowed achieving results
of good reproducibility.

Recording devices elaborated, recorded the discharge current in the range of
10°-107? A with an adequate time resol ution.

As it appeared from the study of the non-self-sustained UV triggered dis-
charge, the electrodes made of different substrate materials or coatings have
guantum yields of photoemission, the values of which differ considerably. Thin
dielectric coatings may increase the yield by many orders of magnitude.
Besides, the quantum yield was a non-linear function of UV intensity and it
changes with time.

In order to calculate the discharge parameters in the gas medium the mo-
delled eectric field distribution was used. In calculations the most straight-
forward computing algorithms were applied.

Equations describing the emission were composed on the basis of processes
occurring at the metal-dielectric-gas structure. It was assumed that the emission
takes place from the reservoir of a finite capacity situating at the dielectric-gas
interface. The reservoir is filled by electrons penetrating metal-dielectric
interface i.e. at this interface there occurs Fowler-Nordheim type of emission.
Thus the amount of electrons in the reservoir is time-depending interplay
between the charging-discharging of the reservoir. For this reason the quantum
yield is aso time-depending and it changes with UV intensity.

The dependencies that followed from the model fit with the experimental
findings.

The results of the study confirm that the rise of negative coronais controlled
by Fowler-Nordheim type of emission, which occurs at the metal-dielectric
interface.
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SUMMARY IN ESTONIAN

Negatiivse kor oonalahenduse ndrga voolu staadium

Kéesoleva t60 temaatika kuulub madalatemperatuurilise mittestatsionaarse
plasma valdkonda. Koroonalahenduse huviobjektiks on ionisatsioonindhtused
tugevasti mittehomogeenses elektrivéljas. Sellisel juhul on gaas ionisatsioon ja
ergastamine koondunud Uhe elektroodi juurde. Kui see elektrood omab
negatiivset polaarsust, siis kdnel dakse negatiivsest koroonalahendusest.

Peale akadeemilise huvi seonduvad koroonalahenduse uurimisega mitmed
praktilised rakendused. Olulise nditena vaib tuua gaaslahendusplasmat t66kesk-
konnana kasutavad laserid, mille Gheks véaljundparameetreid piiravaks faktoriks
on ionisatsioonilised ebastabiilsused. Oma algstaadiumides on elektroodilahe-
dase ionisatsioonilise ebastabiilsuse kulg véhe sOltuv elektrivélja jaotusest.
Kuna koroonaahenduse puhul on objekt ruumiliselt paremini lokaliseeritud ja
plasma tagasmfju on olulisdt vaiksem, lubavad koroona uuringud saada
tulemusi, mis on rakendatavad plasmaf lilisika | aias val dkonnas.

Koroonalahenduse uurimisel on l&higjal Uheks erutavamaks probleemiks
pohjuste véljaselgitamine, miks kasvab vool m@ne nanosekundi jooksul kuni
theksa suurugérku. Voolu kasvu kohta viimase paari suurugargu piires on
kogutud usaldusvaérne eksperimentaalne materja ning lahenduse modellee-
rimisel saadud tulemusi vorreldakse just nende andmetega. Erinevad mudelid
eeldavad pdhimbttelisalt erinevaid algelektronide emissiooni-mehhanisme, kuid
|ahteparameetrite moningase varieerimise tulemusena saadakse eksperimendiga
ligildhedane tulemus. Kuna eksperimentaalne teave lahendusest ndrgematel
vooludel on napp, puuduvad ka kriteeriumid erinevate mudelite usaldusvéarsuse
hindamiseks.

Kéesoleva t60 eesmargiks on eksperimentaal se teave hankimine koroonal ahen-
duse ndrga voolu moodist ning saadud tulemuste pdhjal voolu hiippelist kasvu
kirjeldava emissioonimudeli valjatdotamine.

Eksperimendis kasutati  koroonalahendusele tavapdrast teravik-plaat
|ahendusvahemikku. Tookeskkonnaks oli tolmuvaba atmosfaarirbhul 6hk, kus
koroonalahendus eksisteerib impulsside (Tricheli impulsid) kujul. Varasematest
uuringutest oli teada, et koroonalahenduse teket hdlbustavad oluliselt katoodi
pinnal leiduvad mittgjuhtivad lisandid. Nende lisandite omadused on tavaliselt
raskesti kontrollitavad. K&esoleva to6 esmaseks uudseks momendiks oli teravik-
elektroodi katmine kiledega, mille omadused olid teada. Teiseks Onnestus vélja
tootada koroonalahenduse vélise kéivituse meetodid kasutades positiivsete
ioonide voogu jalvai ultraviolettkiirgust. TO0s véljatottatud mdbtetehnika lubas
registreerida lahedusvoole kaheksa suurugérgu piires, kuguures oli garan-
teeritud protsesside kulgemiskiirusele vastav galine lahutus.
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Elektrivdlja jaotus lahendusvahemikus modelleeriti ning selle alusel leiti
lahenduse kulgu gaasikeskkonnas méaéravad suurused (ionisatsiooniintegraal,
triivikiirused jne). Lisaks sellele arvutati laengukandjate laviini poolt vélis-
ahelas indutseeritud vooluimpulss. Anti numbriline hinnang koroonal ahenduse
eksisteerimise piirkonnale, milles tuleb arvestada negatiivsete ioonide ruum-
laengu pérssivat mdju emissioonile.

Detailselt uuriti ndrga voolu lahenduse sOltuvust elektroodi pinnakatte
thlbist, initsieeriva ultraviolettkiirguse intensiivsusest, lahendusvahemikule
rakendatud pingest ja gast. Esmaseks uudseks leiuks oli, et atmosfagrirdhul ja
Ohus sdltub emissiooni fotosaagis tugevasti nii katoodi materjalist kui ka katte-
kile tllbist ja paksusest. Teiseks selgus, et fotovool sBltub initsieeriva kiirguse
intensiivsusest mittelineaarselt ning konstantsel intensiivsusel on fotovool
funktsioon gast.

N&rga voolu mood omab Tricheli impuls lavele lahedastel pingetel keerulist
struktuuri, tema otseselt ultraviolettkiirgusega seonduvale komponendile lisan-
duvad ltUhigjalised (ca10 ns) impulsid mille amplituud on suurusérke suurem
alaliskomponendist. MdGtmist johtus, et just nende impulssidega korreleerub
Tricheli impuls teke.

Emissiooni kirjeldavate vorrandite koostamisel vOeti aluseks metall-
dielektrik-gaas struktuur. Oletati, et footonite toimel emiteeritakse elektronid
[8pliku mahtuvusega reservuaarist, mis asetseb dielektrik-gaas siirdel. Reser-
vuaar téaitub Fowler-Nordheim tllpi emissiooni tottu l&bi metall-dielektrik
siirde. SOltuvalt rakendatud pingest, kiirguse intensiivsusest ning gjast muutub
ka elektronide hulk reservuaaris. LOpptulemusena kajastub nimetatud muutus
registreeritava voolu suuruses ja gjalises diinaamikas. Vordlus eksperimendiga
néitab, et mudel kirjeldab hasti nérga voolu lahendusel e iseloomulikke seoseid.

TO06s tuuakse ka emissioonimudelil baseeruv, kuid poolkvalitatiivne, kirjel-
dus protsessidest, mis kéivitavad Trichei impulsi. Arvuline hinnang néitab, et
ca 10" elektroni emissioon paari nanosekundi jooksul genereerib vooluimpuls,
mis esimese 15 ns kestel on l&hedane eksperimendis registreeritud Tricheli im-
pulsiga.

To6 pbhitulemuseks on emissioonimudeli véaljatdétamine. Mudelist selgub,
et Fowler-Nordheimi tiipi emissoon metall-dielektrik sirdel méérab gas
muutuva el ektronide emissiooni gaasi.
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