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CHAPTER 1

INTRODUCTION

1.1 Motivation

When two metal parts separated by an insulating gaseous gap, have a potential difference
between them an electrical breakdown can occur. To protect industrial devices from
unwanted breakdowns, conducting parts are often covered with insulating layers; a
cross-section of a typical metal-dielectric configuration is presented in figure 1.1a. It
has been frequently observed that even with the presence of such a protective layer,
breakdowns still can occur, resulting in damaging or destruction of a device. These
unwanted discharges usually prefer to propagate, or ‘‘creep’’, along the surface of an
insulator, rather than through the insulator volume or through the bulk gas. An example
of such behavior, observed experimentally by [Ped16] is shown in figure 1.1b

The dielectric can influence discharge inception and propagation in several ways:

• Modifying (enhancing) the electric field, due to a difference between the values of
dielectric permittivities of the insulator and surrounding gas.

• Emitting or absorbing plasma components, in particular free electrons, necessary
for the discharge propagation.

• Constraining the dynamics of the process geometrically (blocking particle motion,
influencing plasma motion and development).

In order to improve physical understanding of the underlying mechanisms, the project
‘‘Creeping Sparks’’ was initiated, of which this thesis is one part. Flashovers propagating
along the surface of an insulator (creeping sparks) were the center point of research.
The work presented in this thesis focuses on discharges originating (and propagating) on
the dielectric surface without a contact to any metal part, - ‘‘electrodeless’’ inception.
The term ‘‘electrodeless’’ will be used throughout this thesis as opposed to discharges
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(a)

(b)

Figure 1.1: (a) Cross-section of a typical configuration of an industrial HV device: two metal
rods, covered with a protective insulating layer; (b) An example of a discharge, ‘‘creeping’’ on a
surface of a dielectric, as presented in [Ped16].

originating on a metal electrode. To get a better understanding on how to avoid such
discharges, within the course of this project we were focusing on creating them, and
recording the conditions of their inception and propagation.

The process of discharge development can be roughly divided in three key-stages:
streamer inception, streamer propagation and full breakdown. In engineering, sometimes,
the streamer to leader transition is considered instead of the full breakdown (spark).
Inception conditions are of particular interest, since once a creeping spark is incepted,
it is very likely to develop into an actual spark, resulting in a short-circuiting and
malfunctioning or even destruction of a high-voltage (HV) device by electrical arc
formation. Another important point under consideration of this research, was the
comparison of the obtained results with predictions of an empirical model, estimating
the conditions of discharge inception. The exact theoretical model of surface discharge
inception is still under development, however, an approximation exists, that proved to
work well for many geometrical configurations (see sections 2.1.3 and 5.1.1). One of the
goals of this work was to validate the values predicted by that model, since the model



1.2 Surface flashovers 3

is currently being used during the design of HV devices. For real insulating systems
with complex geometries, the use of semi-empirical models is unavoidable, however,
an improvement of the existing model is required, to take into account the effects of
ionization, attachment and detachment processes and surface charging of a dielectric.
In this work, the comparison of the experimentally measured results with the values
predicted by the model is performed, in order to estimate the geometrical and physical
(pressures and gas compositions) limits of validity of the model.

The main questions of interest of the conducted research include inception criterion
estimation, probabilities of discharge inception under certain conditions, propagation
velocities and lengths of surface discharges, and discharge morphology. These parameters
are investigated under the following varying conditions: different types of applied voltage
(AC and pulsed DC voltages), different gases (air, Ar, N2, CO2, SF6 and SF6/N2

mixtures were considered in the course of the research), and various properties of the
solid dielectric (surface roughness, dielectric permittivity).

1.2 Surface flashovers

Surface flashovers were first observed as early as 1777, by G. C. Lichtenberg [Lic78],
and have been extensively investigated ever since [Tak79]. In an attempt to gain more
understanding of an ‘‘electric fluid’’, Lichtenberg applied high voltage to a metal tip
connected to a flat dielectric surface; an example of a discharge, initiated with a similar
configuration is presented in figure 1.2.

(a) (b)

Figure 1.2: An example of Lichtenberg figures, obtained with the 20 kV voltage of (a) positive
polarity and (b) negative polarity, applied to a brass electrode tip of 3.175 mm radius in direct
contact with a dielectric plate, as presented by [Lee27].

Nowadays, filamentary discharges propagating over dielectric surfaces or in a volume
of bulk gas are investigated for a vast variety of applications: air and gas purification
[Bec13, Gra06, Win06], plasma medicine [Kon09, Mor09], flow control [Mor07, Sta08,
Pen11] and as precursors to full dielectric breakdown in high voltage gas-insulated devices
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- the center of the current research. Apart from being an important element of many
technological processes, streamer-induced sparking can pose serious problems, if streamers
serve as the first stage of electrical breakdown. For their mitigation, conducting parts
in HV devices are often covered with insulating layers which may prevent electrical
breakdowns. While for dielectric barrier discharges, as well as for most cases of surface
flashover where a streamer starting from an electrode propagates along a solid dielectric
surface, a lot of knowledge exists, much less is known for the electrodeless discharge
inception tangential to the solid dielectric surface.

1.3 Thesis outline

The goal of this work was to investigate the conditions leading to the formation of a
surface flashover on a dielectric, where electrodes are completely covered by an insulating
material resulting in an ‘‘electrodeless’’ inception. To identify these conditions, we focused
on discharge inception on the surface and registered the parameters of the surrounding
environment (gas composition and gas pressure, as well as shape and magnitude of
the applied voltage) causing this event. We have also registered the parameters of the
discharge itself - by means of fast current measurements, integral and time resolved
imaging of the discharge process. The collected data was further used to analyze the
process of discharge inception and propagation, and to validate existing models describing
discharge behavior - streamer inception model and streamer propagation model.

This thesis consists of 8 chapters, including this introductory chapter. The contents
of the consecutive chapters are:

• Chapter 2 presents the relevant theoretical background. The development of
the streamer inception theory is described, as well as the concept of the streamer
inception integral - a quantitative value used to describe the initial stage of the
discharge. Furthermore elementary processes important for discharge development,
are introduced.

• Chapter 3 provides the description of the experimental set-up used for the inves-
tigations. The description in chapter 3 includes only parts of the arrangement that
remained unchanged during all sets of experiments - the experimental samples, the
vacuum vessel and some methods of diagnostics. Due to the fact that experimental
procedures varied within the course of the research, special aspects important for
particular series of experiments are presented in the related chapters.

• Chapter 4 presents the experiments used to identify an inception condition of the
set-up - the maximum electric field at the location of inception. To determine this
value, experimental results of streamer inception in nitrogen were used to perform
field calculations. The electric field was computed with the help of 3D simulation
software and with the help of a Boltzman solver using the experimentally measured
values of the ionization rates as input data.

• Chapter 5 describes the experiments on measuring inception voltages of discharges
in various gases. The values of inception voltage obtained experimentally were
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compared with the predictions of the streamer inception model. Another section
of this chapter presents the results on streamer inception experiments in SF6/N2

mixtures.

• Chapter 6 presents the results of the research on streamer propagation. The
process of streamer propagation was investigated by means of integral and time-
resolved imaging of the discharge process for two important cases: AC 50 Hz voltage
supply and pulse voltage supply. The results of the research on the AC-powered
streamers were compared with the predictions of the streamer propagation model
(described in the introduction to the chapter). For the streamers powered with the
pulse voltage, propagation velocities were estimated.

• Chapter 7 provides an extensive description of the experimental methods for the
electron-induced secondary electron emission (SEE) investigations. The importance
of this process for surface streamer propagation is also discussed. The chapter is
based on the paper ‘‘Experimental investigation of electron emission from dielectric
surfaces due to primary electron beam: a review’’, published in the IEEE Transac-
tions on Dielectrics and Electrical Insulation (Volume:21, Issue:5), October, 2014.
The main goal of the chapter is in identifying the best experimental method for the
investigations of SEE. Section 7.5 presents remarks on the process of secondary
electron emission, supporting the arguments due to which these experiments were
not performed in the course of this project.

• Chapter 8 contains the conclusions of this work, as well as recommendations for
future research in the field. Despite the fact that the current research provides
more insight on the process of discharge propagation, new research questions arise.
Several ideas for future investigations, considered interesting by the author, are
presented in this final chapter.





CHAPTER 2

THEORETICAL BACKGROUND

In this chapter we will focus on the theoretical development of the subject up to the point
of the start of the current research. The theoretical progress discussed here provides the
background for our investigations.

2.1 Concept of the streamer inception criterion

The concept of describing the streamer inception by means of a quantitative characteristic
known as a streamer inception integral was developed around the 1940s. The streamer
inception integral is the natural logarithm of the number of electrons that have to
accumulate in the front of a propagating avalanche in order for the avalanche-to-streamer
transition to take place. This transition occurs due to sufficient space charge formation.
The concept was initially developed for discharges in homogeneous fields. Currently,
several empirical models exist for describing the process in inhomogeneous fields, since
configurations with inhomogeneous electric fields (E-fields) are typical in HV devices. In
this section we will describe the development of the streamer criterion concept and what
the current questions of the underlying theory are.

2.1.1 Homogeneous fields

The primary element of every breakdown process is an electron avalanche, which occurs
in a gas volume, when a sufficiently strong electric field is applied to it [Rai11]. The
classical Townsend theory for homogeneous fields explains the discharge as a sequence of
electron avalanches, supported by secondary electron emission from the cathode. The
Townsend theory can be summarized with the following statements:

• A discharge develops by means of electron avalanches, originating at the near-
cathode region.
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• The most important process in this type of discharge is ionization, since it provides
new electrons to continue the avalanche.

• When electrons collide with atoms of gas, they produce positive ions that move
back to the cathode, causing the emission of secondary electrons.

• These secondary electrons, in turn, initiate new avalanches from the cathode.

Let us assume a parallel-plate gap under a potential difference V . In the absence of
space charge the electric field between the parallel plates can be expressed as E = V/d,
where d is the distance between the electrodes. In Townsend theory the condition
for self-sustained discharge initiation for a parallel plate gap is described as follows
[Tow10, Rai11]:

γ[exp(αd)− 1] = 1; αd = ln(1/γ + 1), (2.1)

where α is the Townsend first ionization coefficient, i.e. the number of ionization events
performed by an electron in a unit of length along the field line, γ is the effective
secondary emission coefficient from the cathode, i.e. emission caused by positive ions
produced in the gas as a result of electron-atom interactions (ionizations). Let us further
assume that Ne(r) is the number of electrons at a distance r from the cathode (or from
the border of the ionization region, where the effective ionization coefficient equals zero).
For simplicity, we will use the situation where an avalanche is started by an electron
produced by the cathode. This electron, drifting under the influence of the electric field,
will produce α new electrons and undergo η attachments per unit of length. Coefficient
η is called the attachment coefficient. The number of electrons dNe produced along the
infinitesimal drift distance dr can be written as:

dNe = αeffNe(r)dr, (2.2)

where αeff = (α− η) is an effective ionization coefficient. After integration we get:

Ne(r) = Ne(0) exp

(∫ r

0

αeff (x)dx

)
(2.3)

- the number of new electrons produced at a distance r from the cathode. The integral

K =

∫ r

0

αeff (x)dx (2.4)

is taken only over the values of r where αeff (r) > 0 and is called ‘‘ionization integral’’,
so that:

Ne(r) = Ne(0) exp(K) (2.5)

The Townsend breakdown mechanism works only for sufficiently low values of
pd, (where p is the gas pressure between the electrodes). With the development of
experimental techniques the following factors were observed, that could not be explained
by this theory:
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• At high values of pd breakdown was developing much faster than predicted by the
mechanism of secondary emission from the cathode. Times of discharge development
were significantly shorter than those required for a positive ion to cross the gap.

• Moreover, it has been shown that the breakdown voltage was independent from the
material of the cathode, which means that other cathode processes (e.g., photon-
induced electron emission from the cathode) could be neglected.

The Townsend theory does not take into account the disturbance of the electric field
caused by the space charge. Once the space charge becomes comparable with the external
electric field, it starts to influence the process of discharge propagation. This situation,
generally referred to as a ‘‘streamer discharge’’, was described first around the 1940s by
Meek, Loeb and Raether [Mee40, Loe39, Rae64].

2.1.2 Streamer discharge

When the pressure is high enough and the distance between the electrodes is long enough,
under a certain (high enough) value of the voltage a stochastic current rise in one of the
avalanches results in increased ionization in part of the discharge cross-section, which
leads to a local concentration of the positive ions in one location just outside the anode
surface [Pla02, Kud98](see figure 2.1).

Figure 2.1: Schematic representation of a positive streamer inception. Left part represents
an electron avalanche; middle part - a local concentration of positive ions in the vicinity of
the anode, modifying the electric field; right-most part - propagation of the streamer. Eext

represents the external electric field, due to a potential difference between the electrodes, Esch -
the electric field modified by the space charge of the streamer.

The electric field between the electrodes is modified, thus new avalanches are created in
front of that positive spot. Energetic photons, emitted by atoms excited in the avalanche
cause photoionization in the vicinity of the primary avalanche. Electrons created during
this process initiate new electron avalanches that are attracted to the positive spot on
the anode due to the direction of the electric field, ‘‘extruding’’ the positive spot in the
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direction of the cathode. This is how a cathode-directed or positive streamer grows
(figure 2.1). The described mechanism works in air and other gases where photoionization
takes place. In other gases and gas mixtures background ionization is required for positive
streamer propagation [Nij11, Nij14b]. Electrons from the secondary avalanches (initiated
by photoelectrons) intermix with the positive ions forming a quasineutral conductive
channel. They also excite atoms, so that new photons are emitted, supporting the
photoionization process [Pan01]. A plasma channel will keep growing as long as plasma
is formed faster than it can be recombined or absorbed at the anode [Kud98].

Contrary to a positive streamer, an anode-directed, or negative, streamer does not
require a constant supply of electrons; its propagation is maintained by the movement of
electrons of the streamer itself. The new electrons, produced by photoemission, rapidly
move towards the anode in an enhanced field. The electrons of the front of the streamer
(streamer head) together with the trails of positive ions from the secondary avalanches
form a conductive channel.

2.1.3 Streamer criterion

When the electron avalanche locally enhances the electric field to such a level, that the
development of the discharge is no longer governed by the external field, but by the
space-charge induced electric field, the so-called avalanche-to-streamer transition takes
place (figure 2.1). The process of streamer propagation presented above, was qualitatively
described by Meek, who developed the criterion of avalanche-to-streamer transition,
describing numerous experimental results [Mee40]. Meek represented the space-charge
field at the head of the electron avalanche by a field of a charged conducting sphere with
radius R:

Esch(x) =
qeNe(x)

4πε0R2
, (2.6)

where qe is the charge of an electron, Esch is the field at the surface of the sphere with
radius R, ε0 - the dielectric permittivity of vacuum, x - the location of the streamer head
center. The radius R of the conducting sphere is determined by the thermal diffusion of
electrons:

R =
√

3Dt, (2.7)

where D is the thermal diffusion coefficient and t - the time of avalanche development.
Electrons drift under the influence of the external electric field E with a velocity v = µeE,
where µe is the mobility of an electron. The time of the avalanche development in
equation 2.7 is thus:

t =
x

µeE
. (2.8)

According to Meek, a streamer will develop when the radial field of a positive space
charge in an electron avalanche attains a value of the order of the external applied field.
Thus, an approximate condition of avalanche to streamer transition can be written as
follows: Esch = Eext. Taking into account equations 2.5 and 2.6:
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K = ln

(
Ne(x)

Ne(0)

)
= ln

(
12πε0Dx

qeµeNe(0)

)
. (2.9)

According to Einstein’s relation: D =
(
µekBTe

qe

)
. We assume, that the inception starts

from a single electron, thus Ne(0) = 1. The electron temperature is taken as Te = (1− 5)
eV [Kuf00]. Finally, the following criterion is obtained:

K = ln

(
12πε0D

qeµe

)
+ ln(x/x0), (2.10)

where x is in cm and x0 = 1 cm; or

K = K0 + ln(x/x0), (2.11)

where

K0 = ln

(
12πε0D

qeµe

)
≈ 20 (2.12)

For relatively large discharge gaps, where x & 1 cm, K ≈ K0, as ln(x/x0) is negligibly
small. For smaller gaps, however, where x � 1 cm, the value of ln(x/x0) becomes
significant and should be taken into account. Very large discharge gaps are seldom
under investigation in the case of streamer research; for the case of such gaps, where x &
10 cm, the value of ln(x/x0) becomes significant again. In the current work the value
of K will be estimated. The terms ‘‘streamer integral’’ and ‘‘streamer criterion’’ will
be used interchangeably throughout this thesis. The physical meaning of the streamer
criterion is the logarithm of a critical number of electrons that have to accumulate in
the avalanche head to make the avalanche self propagating by its own space-charge field
[Nie95]. Different sources have reported slightly different values of the criterion (varying
from 18 to 22), depending on different approximations used to estimate the field of the
streamer head and whether or not the value of ln(x/x0) was taken into account. The
value, obtained by Raether from his experiments [Rae64] is ≈ 18, which shows a good
agreement of Meek’s theory with experiments.

Thus, for the case of homogeneous fields a solid theory with an experimentally proved
quantitative value of streamer formation criterion of ≈ 20, exists [Kuf00, p. 332],[Mon06].

2.1.4 Inhomogeneous fields

For inhomogeneous fields the situation is much more complicated. In this case the
avalanche diffusion spreading is less obvious, and the theoretical background working
for homogeneous fields proves to be inapplicable here. The criterion from equation 2.4
is still commonly used to calculate inception voltages for complex gap configurations,
however the choice of the appropriate values of the streamer integral K is much less
certain. A number of works have already been devoted to identifying the value of K
for discharges in inhomogeneous fields; most of them being focused on cylindrical and
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spherical geometries [Low03]. These geometries were chosen with a background idea
that any complex geometry can be represented as an approximate combination of the
two. For example, Nasser and Heiszler [Nas74] used the streamer breakdown criterion
to predict onset fields numerically for points and spheres. They obtain agreement with
experimental results, but with the values of K ≈ 9.9 for radii of 0.5− 1.5 cm and K ≈ 13
for a radius of 0.05 cm. Hartmann [Har84] performed quantitative calculations to explain
the onset of positive corona through the streamer mechanism. He obtained values of
K in a range from ≈ 14 (for 0.1 mm of the curvature of the anode) to ≈ 7 for a 10 cm
curvature. Both of these values are rather low as compared to a value of ≈ 20 derived by
Raether and Meek. Zaengl and Petcharakas [Zae94, Nie95] have experimentally obtained
values of K, that turned out to be around 9 for discharges in air, and ≈ 10.5 for streamers
in SF6. Lowke [Low03] demonstrated that a value of K ≈ 9.2 fits various experimental
data [Wat75, Kip38, Moo00] for electrode radii varying from 0.01 to 20 cm, for both wire
and point electrodes and for both positive and negative DC corona. A comprehensive
analysis of avalanche to streamer transition considering space charge field effects on the
avalanche growth was presented in 2015 by Mikropoulos [Mik15] for a coaxial cylindrical
electrode arrangement. They discussed the influence of the conductor radius as well as
the influence of the atmospheric conditions (relative air density and absolute humidity).
Depending on those factors they achieved values of K in the range from 8 to 18 depending
on the conditions of the environment and the geometry of the gap. Similar results were
obtained by Naidis [Nai05], without taking the effects of humidity into account.

Extensive numerical models describing streamer inception and propagation processes,
currently exist [Pan05, Sun14, Luq08b, Bou07]. The majority of existing models are
focused on 2D-symmetrical geometry configurations, however, modern simulation tools
allow for description of streamer processes in 3D geometry. J. Teunissen et al. [Teu16]
demonstrate an advanced simulation tool for describing streamer inception and propaga-
tion around a sharp anode, taking into account the processes of avalanche development,
space charge formation and photoionization. Existing numerical models mainly assume
that there is a certain density distribution of electrons, required for inception in the
system. Currently, a method is being developed allowing for estimation of a value of
streamer integral, based on the predictions of modern simulation tools [Dub16, Chapter
7]. A. Dubinova demonstrates that the Meek number can be determined not only by
field-enhancement due to the space charge of one avalanche, but that multiple avalanches
can play a role; the demonstrated value of the inception criterion is . 10.

The references described above demonstrate that so far there is no agreement about
the exact value of the streamer criterion for inhomogeneous fields. Non-uniform fields
are, however, unavoidable in HV devices with often complex geometries. Unwanted
streamer discharges in such geometries may lead to significant energy losses and cause
deterioration of the material of the equipment. At industrial scale, a model able to predict
the withstand voltages for different geometries, is required. Such model is presented
in Chapter 5 of this thesis, along with experimental investigations aimed to test which
value of the streamer integral would be applicable for a typical HV device configuration.

It should be mentioned, that in equation 2.4 α(r) is essentially α[E(r)], since the
change of α in space is governed by the change of the electric field. Consequently, to
obtain values of K one should know the electric field distribution around the anode,
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as well as the dependence of αeff on the (reduced) electric field. This dependence is
well-known for many gases; for other gases, like ambient air, agreement between different
sets of data is not yet achieved, hence slightly different sets of values exist. One should
be careful with the choice of the set of data, when comparing the left and right parts of
equation 2.4 for the inception condition estimation, since both αeff and K may contain
errors due to their phenomenological character.

2.2 Important processes in gas discharges.

During the propagation of a streamer multiple (scattering) processes are taking place;
here we will discuss the most important ones. Streamers, as well as other gas discharges,
propagate due to collisions of electric charge carriers with neutral molecules. Free
electrons, moving fast under the influence of the electric field, represent the charge
carriers in a streamer discharge (ions and molecules can be considered stationary during
the short times of streamer propagation process). If an electron does not have enough
energy to change the state of the neutral molecule it collides with (i.e. excite it), it can
only exchange momentum with this heavy particle; this process is known as an elastic
collision. In gas discharges, inelastic collisions are of particular interest, since these
impacts lead to creation of new charge-carriers.

2.2.1 Inelastic collisions

The possible inelastic electron-neutral collisions are [Fra09]:

1. Excitation:
e+M2 = M∗

2 + e, (2.13)

here and further e represents an electron, Mi - a neutral atom (molecule), M∗
i - an

excited atom or molecule, M+
i and M−

i - positive and negative ions, respectively;

2. Ionization:
e+M2 = M+

2 + 2e; (2.14)

3. Dissociation into ions:
e+M2 = M+ +M− + e; (2.15)

4. Ionizing dissociation:
e+M2 = M+ +M + 2e; (2.16)

5. Dissociation into radicals:
e+M2 = 2M∗ + e; (2.17)

6. Dissociative attachment:
e+M2 = M− +M∗. (2.18)



14 Chapter 2. Theoretical background

The first reaction, excitation in upper molecular states (that can be upper vibrational
levels or electronic states), is an important part of a discharge propagation process, since
excited molecules can emit UV-photons during their relaxation process. UV-photons
can create more free electrons through the process of photoionization. Photoionization
is responsible for creating free electrons in front of the streamer head - a necessary
condition for a propagation of a positive streamer in certain gases (like air or other
O2/N2 mixtures).

The main process required for the propagation of the avalanche, which is the initial
phase of every discharge process, is impact ionization (equation 2.14). In this process, a
number of electrons is multiplied as a result of electron-molecule collision. As discussed
in the previous section, this process is characterized by the Townsend first ionization
coefficient α that can be represented as:

α(E) = σN0, (2.19)

where σ is the effective cross-section for electron impact ionization and N0 is the
background gas density. The cross section for a specific scattering process has units of
area ([m2]) and is related to the probability of its occurrence. Cross section data are

Figure 2.2: Cross section for ionization by electron impact for various gases in double-
logarithmic scale, as presented in [Fra09] (from [Eng65]).

used to determine if the electron collides with a neutral, and if so, whether it is scattered
elastically, or whether it excites or ionizes the neutral. Numerous works determining
ionization cross-sections in various gases exist (e.g. [lxc, Hag05, Lot67, Hee85, Hwa96]),
due to the importance of the process for discharge modelling and analysis. A cross
section for an inelastic scattering process is usually represented by a threshold which is
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followed by a steep rise (several orders of magnitude) to reach a maximum (figure 2.2).
The maximum usually finds itself at electron energies of about 100 - 150 eV, which is
consistent with the de Broglie wavelength of the electrons of approximately 1◦A - that
would be the typical diameter of the targets where the electron waves are deflected most
intensely. For higher energies, the time of interaction between an electron and a collision
partner is shortened, resulting in a decrease of the corresponding cross-section.

Reaction 2.18 - electron attachment - is a very important process for electronegative
gases, since it can drastically decrease the amount of available electrons in the system,
making it more difficult for a discharge to propagate (see section 2.2.2).

2.2.2 Different gaseous environments

The process of streamer propagation will depend on the gaseous environment due to
variations of the gas properties. In various gaseous environments different processes
will be of particular importance. Here we will consider some important properties of
the gases, discussed further in the thesis, and their influence on discharge inception and
propagation.

As mentioned before, the ionization process (equation 2.14) is of particular importance
for any type of discharge, since this process is responsible for producing new electrons
in the avalanche. The minimum energy required to release a valence electron from
the molecule is called ionization potential. Ionization potentials for the gases under
consideration in this research are presented in table 2.1.

Table 2.1: Ionization potentials of different molecules in a gas state, as given by [Hay16].

Gas Ionization potential, eV Accuracy, eV
Nitrogen 15.5808
Argon 15.75962
Oxygen 12.0697 ± 0.0002
CO2 13.773 ± 0.002
SF6 15.32 ± 0.02

For the process of ionization to be successful, electrons must have energies ≥ than
the ionization potentials of the molecules of the surrounding gas.

To determine how much energy an electron loses during an inelastic collision with
the gas molecule (see equation 2.13), the knowledge of vibrational, rotational and
electronic excitational levels is required. Generally, these data are rather complex
for molecular gases, due to a large amount of vibrational and rotational states, as well as
electronic levels.

In air, one of the most important processes is photoionization, which can be denoted
as:

O2 + γ = O+
2 + e (2.20)

This process is the main source of electrons for streamers propagating through air due
to the fact that excited nitrogen molecules emit UV photons with energies, sufficiently
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high to ionize an oxygen molecule. These photons (with energies ≈ (12.1 - 12.7) eV
[Zhe82]) consequently ionize oxygen molecules, producing a free electron. Because the
emitted photons can produce electrons at a different point in space, excited molecules
from the streamer body can produce free electrons in front of the streamer. Consequently,
photoionization is the main source of electrons for a positive streamer propagating
through air. The typical photoionization length - i.e. the distance a photon travels
through gas before the event occurs, - depends on the density of the surrounding gas
and in air can be identified as [Luq08a, Pen70]:

l = 1.3(patm/p)mm (2.21)

Photoionization data on other gas mixtures, than O2/N2, are very scarce. In the
course of the current research, the only gas mixtures under consideration, other than
O2/N2, were mixtures of nitrogen with sulfur hexafluoride, hence, a similar process could
only take place there. However, ionization potentials of SF6 and N2 are very close
to each other, moreover, SF6 is a highly electronegative gas (more details are given
below), which means it will be more likely to participate in the electron attachment
process, rather than excitation by electron impact. Molecular emission of SF6 has been
observed in a wavelength range of (400-510) nm [Wri09], which corresponds to (3.1-2.48)
eV photons, which is not enough to cause photoionization.

Another important characteristic of a gas is its electronegativity - the ability of an
atom or a molecule to trap a free electron. For discharges in electronegative gases (like
O2 and SF6) the main processes are dissociative electron attachment:

O2 + e = O− +O, (2.22)

SF6 + e = SF−
5 + F (2.23)

and 3-body attachment:
e+O2 +O2 = O−

2 +O2 (2.24)

e+ SF6 + SF6 = SF−
6 + SF6 (2.25)

e+O2 +N2 = O−
2 +N2 (2.26)

Because the process of direct attachment of an electron to a molecule or an atom
of gas is not common, it is difficult to quantitatively characterize the electronegativity
of the gas. As mentioned above, electronegative gases are those, where the process of
electron attachment plays an important role. Electron attachment is related to the
values of electron affinity and electronegativity of an atom. Electron affinity is defined
as ‘‘the energy difference between the lowest (ground) state of the neutral and the
lowest state of the corresponding negative ion’’ [Hay16], which means that this value
is directly related to the process of direct (but not 3-body or dissociative) attachment.
Electronegativity, being a not precise molecular quantity, can be defined as ‘‘a parameter
originally introduced by Pauling which describes, on a relative basis, the tendency of
an atom in a molecule to attract bonding electrons’’. These two parameters, while not
giving a precise description of electronegativity of atomic and (especially) molecular
gases, can, however, provide a rough idea about the gases of interest. The available
values for some molecular gases and for the atoms of molecular gases investigated in this
research are presented in table 2.2.
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Table 2.2: Available data on electronegativity and electron affinity of several atoms and
molecules. The data for CO2 was taken from [Com75, Tak02]; all other data are presented as
given by [Hay16].

Element Electron affinity,
eV

Accuracy, eV Electro-
negativity

F (Fluorine, atomic) 3.4011897 0.0000024 3.98
O (Oxygen, atomic) 1.4611135 0.0000009 3.44

O2 (Oxygen) 0.450 0.002 -
N (Nitrogen, atomic) not stable - 3.04
Ar (Argon, atomic) not stable - -

S (Sulfur) 2.07710403(32S) 0.00000051 2.58
C (Carbon) 1.262119 0.000020 2.55

CO2 (Carbon dioxide, gas) -0.6 0.2 -

2.2.3 Sulfur hexafluoride

Because section 5.3.4 is devoted to discharges in SF6 and SF6/N2 mixtures, some
qualities of SF6 will be discussed here. The molecule of SF6 is highly symmetric with
6 fluorine atoms located in the corners of a regular octahedron, with a sulfur atom
in the center. Fluorine atoms have the highest value of electronegativity (3.98 on a
relative scale running from 0.7 to 3.98 [Hay16]) of all the elements of the periodic table;
consequently the SF6 molecule is highly electronegative. The negative ions, formed as a
result of the electron attachment process, are heavier and larger than free electrons, and
have very low mobility, hence, under the given value of electric field, they do not gain
sufficient energy to influence the discharge propagation in the environment. The electron
attachment in SF6 can occur in several ways, the most important ones of which are:
dissociative attachment (see equation 2.23) and 3-body attachment (see equation 2.25).

It has been demonstrated [Chr00] that equation 2.25 represents the dominant inelastic
interaction for energies of electrons below ∼ 0.1 eV. For higher energies, dissociative
electron attachments become more important, with reaction (2.23) dominating for electron
energies (∼ 0.3− 1.5) eV, and a similar reaction, but with the SF− ion as a product, for
electron energies above ∼ 2 eV.

The high value of electronegativity results in removing electrons from the bulk gas,
which would otherwise form an electron avalanche. Therefore, SF6 has a very high
dielectric strength, which makes it a great gaseous dielectric medium.

Despite the advantages of SF6 as a gaseous insulator, the reduction of its usage is
required due to the fact that it is a very strong greenhouse gas with a very long life-time
in the atmosphere. More details about this problem can be found in section 5.1.2.

2.2.4 Conclusions

In this chapter the theoretical background of the current research is described. The
historical development of the concept of streamer inception criterion is demonstrated for
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homogeneous fields; the further development of the concept for processes in inhomoge-
neous fields is also presented. The model, used for comparison with the experiments of
Chapter 5, is introduced. Furthermore, important processes in investigated gases are
discussed, as well as their possible influences on the process of discharge development.



CHAPTER 3

EXPERIMENTAL SET-UP

Metal parts in high voltage equipment are often covered with solid insulating layers
in order to insert high resistive elements between potential gas-discharge paths and
electrodes. An important question is in that case: what are the conditions for the
formation of a gas discharge in absence of a bore metal electrode to which the discharge
plasma can connect? An electrodes-insulator configuration for investigation of this issue
is presented in figure 3.1. An example of such a configuration is a mechanical shaft used
to transmit mechanical motion across different potentials. Such a configuration (see
figure 1.1) was taken as a basis for the investigations of the discharge at a dielectric surface
and further modified to design experimental samples. The samples under investigation
were the same for all the experiments performed in this thesis and consist of cylindrical
dielectric epoxy rods (permittivity ε ≈ 4) of 200 mm length containing two embedded
metal electrodes with a gap distance of 4 mm.

Figure 3.1: Configuration of experimental samples. Green area denotes epoxy layer, light-gray
area - metal electrodes. Length: 200 mm, total diameter: 35 mm, electrode diameter: 17 mm,
minimum epoxy thickness: 2 mm, electrode gap: 4 mm.

The geometry was designed in such a way that the electric field along the dielectric
surface is significantly enhanced and has a maximum along the surface far away from the
electrodes. Discharges originate from the surface of the rod, and no breakdown occurs
inside the solid dielectric. The central axes of the metal electrode plugs were shifted out
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of the central axis of the epoxy cylinder in order to have a well-defined location of the
field maximum, and thus the knowledge of where the discharges will occur on the surface.
This is convenient for optical investigations. During the experimental procedures no bulk
breakdowns were observed.

To set up and control the different experimental conditions and the surrounding
gaseous media the experimental rods were placed in a closed (vacuum) vessel. One of
the inner electrodes (the upper electrode) was connected to the high voltage supply
and the other one (the bottom) was grounded. The vacuum vessel was equipped with
quartz windows allowing for optical investigations of the discharges. Quartz windows are
especially suitable for observing discharges in nitrogen or air, since quartz is transparent
for radiation in the UV region, dominating the discharge emission in those gases. The
dominant part of the emission spectra is corresponding to the second positive system
(C3Πu → B3Πg) of nitrogen (see, e.g. [Leb12, Bel14]). The experimental setup and the
vessel for setting up and maintaining the conditions are shown in Figures 3.2a and 3.2b.

An equivalent electrical circuit of the setup is given in figure 3.2c. The sample rod is
represented by its capacitance Csample and is connected to the HV AC supply via a high
damping resistor R (1 MΩ). A surface discharge along the sample rod is represented by

a current source ( ). A coupling capacitor Cc provides a compact and fast path to
close the discharge current flow. This coupling capacitor is formed by the large parasitic
capacitance of the HV electrode to ground (see figure 3.2a) and the capacitance of the
HV feed-through of the vessel, and is much larger than the sample capacitance (> 150
pF versus 30 pF). The current is measured through a 50Ω measuring resistor Rm via
a so-called ‘‘sub-divided cathode’’ [Wet89] (figures 3.2a and 3.2b). For this purpose, a
measuring electrode is positioned inside the grounded cathode electrode. The measuring
electrode has a small parasitic capacitance Cpar (< 3pF) to the cathode electrode. The
compact layout of the entire measuring configuration provides a high bandwidth of
around 150 MHz [Ver82]. While organizing the set-up the following conditions should be
taken into account:

1. The coupling capacitor Cc should be much larger, than the capacitance of the
sample. If this condition is not satisfied, the current through the measuring resistor
will be immeasurably small;

2. This capacitance should be positioned as close to the experimental sample as possible.
Otherwise, the current loop becomes longer, which leads to higher inductance of
the circuit and makes time-resolved measurements impossible;

3. The oscilloscope should reliably measure discharge currents (expected values of
10−1 A);

4. Displacement currents should not affect the measured current signal.

The first two conditions are satisfied by using an electrode configuration with a sub-
divided cathode [Ver82]. The sensitivity of the oscilloscope can be easily estimated:
104MXs-B LeCroy oscilloscope used during the experiments can reliably measure signals
with amplitudes & 5 mV. The measurements were performed through the 50 Ω measuring



21

(a)

(b) (c)

Figure 3.2: (a) Overview of the experimental setup. (b) The position of the electrodes and a
sample within the vacuum vessel: top part represents the high-voltage electrode, the bottom part
the grounded aluminium electrode. (c) Equivalent electrical circuit of the experimental set up
(see text).

resistor, consequently, the lower limit of the measured currents is: (5× 10−3V )/50Ω ≈
10−4A. The last condition can be checked, based on the displacement current definition:
Id = CdV/dt, where C represents the capacitance, and dV/dt is the speed of the voltage
rise/fall. For the case of a 50 Hz AC voltage supply, voltage amplitude of 50 kV and the
capacitance in the pF order of magnitude - displacement currents are in the range of
10−6− 10−5 A, which is lower than the sensitivity of the measuring system, consequently
they will not affect the measured current.

When designing the shape of the electrodes it should also be taken into account
that the value of the electric field on the surface of the sample (where the discharge
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is to be expected) exceeds the electric fields at the outer surface of the HV electrode.
This requirement is necessary to prevent bulk gas discharges originating between the
HV and grounded electrodes. However, it presents certain difficulties for the design of
the shape of the electrodes, when combined with the condition 1 above. The easiest
way to increase the value of the coupling capacitance Cc is to position the HV and
the grounded electrodes closer to each other and to make the surface areas of both the
electrodes larger (in correspondence with the well-known formula for the capacitance:
C = εS/l, where S is the surface of the electrode of a parallel-plate capacitor, l - the
distance between two electrodes and ε - the dielectric permittivity of the environment
between the capacitor plates). Positioning the electrodes closer to each other results,
however, in a higher electric field around the HV electrode; the length of the sample
(200 mm) is another limiting factor. The coupling capacitance can be increased if the
grounded electrode is made in a shape of a ‘‘bowl’’. By doing so the effective distance
between the electrodes is reduced, and the surface area is increased. The values of the
electric fields are controlled by including spherical parts around the triple points formed
at the interface of the sample, electrode and surrounding gas, and at the edges of the
HV electrode.

Before building the electrodes, all the values were thoroughly checked using the
ELECTRO (2D), COULOMB (3D) electric field design and analysis software, and
subsequently reconstructed with COMSOL 5.2. multiphysics modeling software. The
designed cross-sections of the electrodes, used for manufacturing, are presented in
figure 3.3a (together with a schematic representation of a dielectric sample between the
electrodes). Figure 3.3b represents electric field distribution along the surface of the
sample, as well as along the critical surface of the high voltage (top) electrode. The
critical area of the HV electrode is marked in red in figure 3.3a. The values of electric
field from figure 3.3 were calculated for an applied voltage of 10 kV. It can be seen that
the value of the electric field along the sample surface, where the discharge is to be
expected, exceeds the value along the surface of the high voltage electrode by a factor of
∼ 7; this means that the first discharge activity in the presented set-up will always be
along the surface of the sample rod.

During the experiments various gas compositions and pressure values were considered.
Pressure conditions inside the vessel were set using the TCU 260D Balzers Pfeiffer
vacuum pump and were monitored with Balzers TPG300 pressure controllers. Before
setting the pressure for experiments with a new gas composition the vessel was pumped
out to 10−6 mbar. For all the gases and gas mixtures the impurities are estimated as .
0.1%.

The high voltage supply to the top electrode was connected through the HV vacuum
feedthrough positioned at the top part of the vessel. The measurements of the voltage
were performed with a North Star 1:1000 HV-probe, the signal from which is recorded
on an oscilloscope. The time-resolved current measurements were realized, as described
above, by means of the coaxial cable, the inner part of which was connected to the
middle part of the sub-divided cathode.

During different sets of experiments different high-voltage sources were used - an AC
50 Hz voltage supply (Section 4.2), and a pulsed HV supply. The pulsed HV supply
is used in experiments that require synchronization of the discharge inception with
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(a)

(b)

Figure 3.3: (a) The cross section of the electrodes, with the cross-section of the sample, as
positioned during the experimental procedures; (b) The values of the electric field along the
surface of the sample, where the discharge is to be expected (blue line), and along the critical
area of the high voltage (top) electrode (green line), for the applied voltage of 10 kV. The
cross-section of the critical area is marked with the red color in (a).

the opening of the gate of the iCCD camera (Section 6.2). The sources used in each
experiment, as well as other special aspects of a particular experiment, are specified at
the beginning of each chapter (Chapters 4 - 6).





CHAPTER 4

ELECTRIC FIELD REQUIRED FOR DISCHARGE
INCEPTION

The objective of the experiments described in this chapter was to obtain
the values of the reduced electric field (E-field) along the surface of
the sample. The E-field at the instance of time when inception occurs
is addressed to as the ‘‘inception field’’. It was used to analyze the
influence of the dielectric surface on the streamer inception. The
critical field was determined by means of estimating the ionization
rates. Ionization rates obtained from experimental measurements seem
to be higher than those available for discharges in bulk gas under similar
conditions. The main influence on the inception voltage seems to come
from the permittivity-induced field enhancement due to the presence of
the dielectric solid.
This Chapter is based on [Chv16].
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4.1 Introduction

Streamer discharges along dielectric surfaces usually originate from free electrons available
near the surface. The dielectric surface influences the discharge inception and propagation
processes by means of enhancing the local electric field. This E-field enhancement is
caused by the difference of dielectric permittivities of the insulating material and the
surrounding gas.

Free electrons form electron avalanches provided a sufficiently large value of the
electric field. The enhancement of the electric field by the space charge, created due
to the impact ionization avalanche, leads to the development of cold plasma channels
(streamers). Here, ‘‘cold’’ means that the heavy particles (molecules and ions) have
ambient temperature while only electrons are ‘‘hot’’. Depending on the voltage, streamers
may transform into an electric arc if they connect two electrodes, which leads then to
short-circuiting and malfunctioning or even destruction of high-voltage equipment. They
may also transform into leaders, which can end in full dielectric breakdown. A study of the
pre-breakdown discharge behavior near dielectric surfaces is thus a prerequisite for finding
strategies to enhance the electric withstand of HV devices. The E-field enhancement is an
important factor determining the further development of the discharge. This chapter is
focused on estimating the effect of the electric field enhancement along the surface of the
dielectric on the discharge inception. The electric field was estimated at a point in time
right before the streamer inception took place. The analysis was based on the ‘‘ionization
rate - reduced electric field’’ ratio. Reduced electric field, i.e. the field normalized to the
concentration of neutral particles (E/N), is often used in gas discharge physics due to
the fact that electron mean free path is a function of E/N . To determine the values of
the reduced electric field, the values of ionization rates were used. The ionization rates,
in turn, were derived from experimentally obtained time-resolved current waveshapes of
the discharge. Therefore, to determine the conditions of the environment right before
the inception, the experimental data of the inception itself were used.

4.2 Experimental arrangement

For the experimental procedures described in this chapter, the AC 50Hz voltage supply
was used to power the set-up. The voltage was generated by a variable autotransformer
that is adjustable between (0-260)V. It was then directed to a high-voltage transformer
(output voltage up to 60 kV) and applied to the top electrode through a HV vacuum
feedthrough. As described in Chapter 3, the discharge current was measured through a
coaxial cable, connected to the sub-divided grounded electrode through a 50Ω impedance
of the 104MXs-B LeCroy oscilloscope.

Experiments were performed by gradually increasing the value of the applied AC
voltage amplitude until the discharge current was detected by the oscilloscope. The
maximum voltage of the cycle at which the first discharges appeared is referred to as
the inception voltage. The value of the maximum voltage was chosen as a reference
value, since it determines the maximum electrical stress in the system, responsible for
the discharge. This inception voltage reproduces well and does not significantly change
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for different experiments under the same experimental conditions. The surface was not
cleaned after each shot. To assure the electrical neutrality of the surface before each
experiment, estimation of the time interval required for restoring the initial conditions
was performed for every set of parameters. This time interval was defined as the wait
time required for the inception voltage to reach the initial value (+/- 5%) for the very
first streamer, and typically was ∼ (5 - 10) minutes.

4.3 Results and discussion

4.3.1 Experimental results

Typical voltage and current waveforms are presented in figure 4.1 for two experiments
under the same conditions of the surrounding gas (and consequently nearly the same
values of inception voltages). A statistical analysis of all data shows that the discharges
appear randomly between the zero crossing and the peak value of the AC cycle. The
maximum current seems to be independent from the value of the instantaneous voltage,
as is illustrated by figure 4.1; for a higher value of the instantaneous voltage the streamer
current can be even smaller.

Figure 4.1: Typical AC voltage (sinusoidal curves) and current waveforms (spikes) for two
experiments (red and black) in nitrogen at a pressure of 300 mbar and voltage frequency of 50
Hz.

The inception voltages Vmax for streamer processes in nitrogen for pressures from 0.01
to 0.1 MPa (100 mbar to 1 bar) are shown in figure 4.2. As expected, Vmax increases
with increasing pressure, and reaches ∼ 30 kV for atmospheric pressure (corresponding to
an average field in the gas in the relevant region near the surface of about 3-5 kV/mm).
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Figure 4.2: Streamer inception voltage (with error bars including standard deviation for several
experiments, as well as errors originating due to imperfections of the measuring method) as a
function of pressure for discharge inception in nitrogen.

Figure 4.3a gives the time-resolved current wave-shapes of the discharges between
100 and 500 mbar. The dimmed lines represent the maximum and the minimum currents
observed under the same experimental conditions, whereas the bright lines represent
the ‘‘average’’ current shape. It can be seen that the maximum current considerably
increases with the increase of the surrounding gas pressure and the current rise becomes
faster. The typical time scales of streamer propagation lie within several hundreds of
nanoseconds. Figure 4.3b shows the zoomed in view of the initial stage of the discharge
current.

4.3.2 Analysis and discussion

The shape of the initial rising part of the current (as in figure 4.3b) can be fitted with
an exponential function,

I = I0 exp(R0t). (4.1)

This indicates that the initial stage of streamer propagation may be associated with an
electron avalanche, which can be described by [Ver82]:

ln(I(t)) = ln(n0e/te) + ανet, (4.2)

where I(t) is the discharge current, n0 is the initial number of electrons, te is the transit
time of electrons through the drift region, νe is the drift velocity of electrons, and α
is the effective ionization coefficient (unit 1/m). A comparison of equations 4.1 and
4.2 shows that the experimentally derived value of the coefficient R0 is essentially the
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(a)

(b)

Figure 4.3: (a) Time-resolved current measurements of surface discharges in nitrogen at
various pressures for the AC voltage supply as in figure 4.2. Dimmed lines correspond to the
maximum and minimum currents observed under the same conditions; bright lines represent the
‘‘average’’ current shape; (b) Initial stage of current development with exponential fitting.

ionization rate ανe (unit 1/s). In this way we can estimate the ionization rate ανe
for surface discharge processes. The results for nitrogen are given in figure 4.4a. The
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effective ionization coefficient α cannot be determined from this information alone, since
the electron drift velocity νe is not known.

The ionization rate is directly connected to the value of the reduced electric field
E/N , where N is the gas density. For bulk gas, the electric field values associated with
the values of the ionization rates can be calculated from the solution of a multi-term
Boltzmann solver, as described in [Duj13, Mar13]. In this research, the data tables
provided by the authors of [Duj13, Mar13] were used. From the experimentally obtained
values demonstrated in figure 4.4a we obtain the values of the electric field for surface
streamer development in nitrogen as presented in figure 4.4b. The values turned out to be
in the range of (10-50) kV/cm, which is higher than compared to streamer development
in bulk gas [Vel03] - usually, around 10 kV/cm for discharges in nitrogen at atmospheric
pressures, as compared to ∼ 50 kV/cm in our case. Surface processes which may influence
streamer inception are attachment of carriers (particularly free electrons) by the surface
and UV-induced electron emission from it. The latter effect can lead to an enhancement
or to a reduction of electron avalanches, depending on the change in carrier generation
compared to bulk gas. A discussion for a Teflon surface is provided by [Ver87], where it
was found that for N2 an effect was absent if the surface is not pre-charged, while for
SF6 the surface is lowering the critical field.

Similar behavior has been observed by other authors. For example, Akyuz et al.
[Aky01] investigated positive streamers propagating along different polymer surfaces;
they found out that the minimum voltage needed for the streamer to cross the gap and
the field of stable streamer propagation are increased for the streamers propagating along
insulating surfaces. In their experiments, streamers start from a metal tip and propagate
over a surface of an investigated dielectric towards the cathode. The comparison was
performed for streamers along several polymers and in ambient air; the values in ambient
air were used as a reference.

To check our values, we calculated the electric field distribution with the commercial
simulation tool Comsol 5.2. The HV boundary condition is set to the experimentally
obtained values for the inception voltage (figure 4.2). Hence, the calculation provides
the field distribution at inception. An example is presented in figure 4.5a. The maxi-
mum of the electric field is situated, as expected, on the dielectric surface in the area
corresponding to the 4-mm electrode gap. This maximum electric field was calculated for
the experimental pressure values and the obtained results are presented in figure 4.5b by
the black square symbols.

Figure 4.5b also shows for comparison the values of the electric field derived from
experimentally determined values of ionization rates (green triangles). E-field results for
calculations without solid dielectric are also shown (red dots). The effect of the dielectric
surface on the electric field in the system is clearly illustrated by figure 4.5b. The electric
field required for the inception is, as stated before, higher than that, required for the
discharge inception in bulk gas. The comparison of the values of the field with and
without dielectric shows that the dielectric itself provides for that higher E-field, making
it possible for the discharge to propagate. We conclude that, despite the before-mentioned
increase of the inception field in presence of a dielectric, the dielectric surface enhances
the electric field value in the gas, which may compensate for the previous effect.
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(a)

(b)

Figure 4.4: (a) Ionization rate for the surface discharge process in nitrogen at different
pressures; (b) Values of the electric field, obtained from the data in figure 4.4a (see text after
equation 4.2).
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(a)

(b)

Figure 4.5: (a) Electric field distribution within the experimental set-up calculated with Comsol
5.2 software for the pressure of nitrogen of 200 mbar. The grid numbers represent the coordinates
of the geometry in the computational system, in mm. The zoomed-in part on the right-hand side
represents the 2D cut of the high E-field region - typical distribution of equipotential curves and
E-field strength (color, shown only outside the rod) near the surface region where discharges
occur; (b) Green triangles - inception field values for different nitrogen pressures; black squares
and red circles - maximum electric field in the system calculated with Comsol 5.2 with and
without dielectric, respectively.

4.4 Conclusions

The influence of a dielectric surface on streamer development was analyzed by estimating
ionization rates from current rise measurements. The obtained values for the ionization
rate are higher than those available for discharges in bulk gas under similar conditions.
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However, the overall effect on the inception voltage is rather dominated by the field
enhancement due to the presence of the dielectric. The following conclusions are drawn
from the results:

• The described set-up can be used for estimating ionization rates and electric field
values of electrodeless surface discharges relevant for HV technology. If the general
parameters of the sample (total length and total diameter) are kept constant, the
set-up is suitable for performing experimental tests for different sample geometries.
One of the points of interest here would be to check the parameters of electrodeless
inception on a sample with a different thickness of the dielectric. The experimental
arrangement can also be used for estimating the influence of the surface roughness
on the process of discharge propagation (investigation of the influence of the surface
roughness was also done within the scope of this work, see Chapter 5 Section 5.3.6).

• Experiments with nitrogen show that the presence of a dielectric has a significant
effect on the process of discharge development. The estimated field values at
streamer inception seem to be significantly higher in presence of a dielectric solid
surface. Nevertheless, the change in inception voltage is (over-)compensated by
the permittivity-induced field enhancement in the gas.





CHAPTER 5

DISCHARGE INCEPTION

Electrodeless streamer inception at the surface of a dielectric solid
(epoxy resin) is investigated for different gas compositions and pres-
sures, with focus on the lower pressure region (below 1 bar). For this
purpose, we use a special set-up with cylindrical electrodes embedded
out of axis in a cylindrical epoxy rod (see Chapter 3). Experiments were
performed for the following gas compositions: nitrogen, SF6, SF6/N2

mixtures, ambient air, argon, and CO2. The focus of the experiments
was on the inception voltage, since this value can be directly compared
to the predictions of a streamer inception model. Special attention was
also paid to SF6/N2 mixtures, since SF6 is a strong greenhouse gas
and reduction of its usage is desirable. Another series of experiments
described in this chapter presents the probabilities of discharge incep-
tion under certain voltage conditions.
This chapter is based on [Chv17] and partly on [Chv16].
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5.1 Introduction

5.1.1 Streamer inception model

The development of the streamer inception model from the experiments of Raether
and the concept of the streamer inception criterion is presented in Chapter 2 of this
thesis. This section represents the model developed by T. Christen [Chr10, Chr12] for the
purpose of identifying critical inception locations where streamers can start in complex
geometries.

Figure 5.1: Schematic representation of the geometry domain Ω, where U is the positive
potential of the point electrode, δΩ is the boundary of the domain, δΩ0 - part of the boundary,
corresponding to the HV electrode (rod), Γ ∈ Ω - critical region where E-field is high enough
for the inception of the streamer, δΓ0 - critical electrode region.

Let us assume a point-plane geometry (figure 5.1). The potential of the point is
positive; the plane is grounded, so that the electric field lines direct away from the point
electrode. The streamer inception criterion is formulated as follows:∫

γ

αΘ(α)ds ≥ K, (5.1)

where the integral along field lines γ is restricted to the region of positive α. This is
taken into account by the Heaviside function Θ(α), which is defined as: Θ(z) = 0, if
z ≤ 0 and Θ(z) = 1, if z > 0. Γ represents the critical region where electric field is high
enough for streamer inception; the surfaces of the region Γ are denoted by δΓ and δΓ0

for gas and electrode surface, respectively.

For the model description we will assume that α(E) and K are known; in reality the
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values of α(E) have to be chosen very carefully (see section 5.3.3 - Choosing values for
εr and α), and K will be the value of interest of this chapter.

For complicated geometries it is unclear which field lines satisfy equation 5.1. To
find the appropriate field lines one would have to calculate the inception integral for all
of them, and consequently compare the values with the expected value of K, which is
a very cumbersome process. The method described here introduces a new scalar field
variable φ(~x), which satisfies the partial differential equation (PDE):

− ~v · ~∇φ = α(E)Θ(α), (5.2)

where ~v(~x) =
~E
E is a normalized vector field along the field lines. Equation 5.2 is a first

order PDE and its integration gives the left hand side of equation 5.1. However, most of
the commercial simulation tools make use of second order PDEs which contain diffusion
terms. In order to be able to solve the given model with such a commercial simulation
tool (COMSOL 5.2 in our case) a second-order term D∆φ is introduced:

D∆φ− ~v · ~∇φ = α(E)Θ(α), (5.3)

where the coefficient D has to be sufficiently small (in fact, D → 0). Equation 5.3
with D = 0 is equivalent to equation 5.2, i.e. the solution of equation 5.3 equals to
the streamer integral of equation 5.1, provided φ = 0 in the regions where α ≤ 0. The
following boundary conditions were used during the calculations: ~n · ~∇φ = −αΘ(α) with
~n being the surface normal vector, was used at the surface of a dielectric; φ = 0 was
set as a boundary condition for for all other surfaces, the Θ-function ensures that the
integration appears only for positive α. φ(~x) ≥ K determines then the inception region
Γ. For our case of electrodeless inception on the surface of an insulator, streamer path γ
was taken along the surface.

The model described above provides a quick and reliable way of identifying the regions
Γ, where streamer inception is possible. Combined with the electric-field calculations,
easily performed in 3D by various software tools (COMSOL 5.2 and COULOMB were
used within the course of this work), given the value of applied voltage, this provides a
possibility to estimate the voltage of streamer inception, expected for a given geometry.
The model does not take into account the possibility of multiple avalanches (originated
by electrons outside the α > 0 region) accumulating space charge in the high E-field
region, described in [Dub16, Chapter 7]. For the geometrical configuration described in
this work, this effect can be neglected, as the dimensions of the area of high electric field
are very small.

5.1.2 Use of SF6 as a gaseous insulation environment

Gaseous insulation plays a crucial role in insulation technologies. Usual insulation gases
nowadays are air and sulfur hexafluoride (SF6) [Yan91, Chr95, Rya89]. The wide use of
the electronegative SF6 is based on its outstanding properties like high electric breakdown
strength and good recovery behavior after electric discharges/current interruption.
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However, it was observed already in the 1980’s, that this highly insulating gas
contributes to the greenhouse effect [Chr95, Nie92]. Furthermore, the lifetime of SF6

in the atmosphere is very long (up to 3200 years). A growing demand and usage, and
therefore a growing release of SF6 to the atmosphere increase the negative impact on
the environment which calls for strategies to reduce its use, e.g., by replacing SF6 with
a more benign substitute. One of the potential solutions under investigation is presented
in section 5.3.4 of this chapter: the use of SF6/N2 mixtures. Even with rather small
percentages of SF6, the mixtures seem to retain the useful behavior of an electronegative
gas, while at the same time the disadvantages are reduced due to the much smaller
amount of SF6 [Ito79, Pel81]. SF6 admixtures as small as 0.1% have been reported to
influence the discharge development process [Oku02].

There is considerable research in the area of SF6/N2 mixtures. However, experiments
are usually devoted to the study of full breakdown in bulk gas rather than to the
mechanisms of discharge formation in the presence of a solid insulator surface. Moreover,
the majority of the investigations of discharge processes were performed for high gas
pressures [See14, Mal79], while only little attention has been paid to the low-pressure
range [Oku02].

The goal of the work that will be presented in section 5.3.4 was to investigate the
pre-breakdown behavior of discharges (electrodeless inception) along the surface of a solid
dielectric in SF6/N2 gas mixtures, and to estimate the percentage value of SF6 needed
for beneficial effects to play a significant role. This was done in the pressure range below
one bar and for a configuration where the high-voltage electrodes are embedded in the
dielectric, resulting in electrodeless inception of the discharges (i.e., the streamer is not
in contact to an electrode).

5.1.3 Chapter outline

In sections 5.3.1 -5.3.3 of this chapter the experimentally obtained values of the inception
voltage are compared with the streamer inception model described above. The exact
value of the streamer criterion constant K, used by the model to define a critical inception
voltage, is unknown; the currently accepted value for geometries with inhomogeneous
field distribution is ≈10. This value was experimentally checked for the following gases:
nitrogen, air, CO2, argon, SF6.

Section 5.3.4 describes the series of experiments performed with SF6/N2 mixtures.
Experiments were performed for different concentrations of SF6 to estimate the influence
of SF6 admixtures on the properties of the discharge. Overall, it is shown, that the major
inception parameters (critical voltage, rise and fall times, current shapes) of streamer
discharges on a gas-solid dielectric interface change considerably starting already with a
small (5%) admixture of SF6 to nitrogen.

Section 5.3.5 of this chapter presents the probabilities of discharge inception for a
range of pressures (100 - 1000) mbar. The main goal of these experiments was to validate
the value of the inception voltage, obtained with the procedure described in section 4.2
and used throughout this chapter.

Section 5.3.6 of this chapter presents results of the influence of the surface roughness
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on the values of inception voltage. It is shown that, if the composition of the dielectric
remains the same, the value of the inception voltage does not depend on the surface
roughness.

5.2 Experimental arrangement

The experimental arrangement for the experiments in this chapter is described in sec-
tion 4.2. The AC 50Hz voltage supply was used to power the set-up. The discharge
current is measured via the sub-divided grounded electrode through a 50Ω impedance of
the 104MXs-B LeCroy oscilloscope.

For the estimation of inception probabilities the set-up was slightly modified. Instead
of powering up the HV transformer with a Variac, like in chapter 4, the following system
was developed: Matlab software was programmed to generate a 50 Hz AC signal at
the audio output of a laptop. This signal was then connected to an audio amplifier
that magnifies the voltage up to 100 V. The output of the audio amplifier was stepped
down by a transformer to max 60 V, which was then connected to the high-voltage
transformer. This allows for automatization of the experiments. Using Matlab the
following experimental procedure was programmed. The high voltage was generated in
bursts with a duration of 2 seconds and a repetition rate of one minute for a total period
of one hour. The value of 2 seconds was chosen since for discharges in air no significant
difference in inception voltages was observed for waiting times of ∼ 1 second and 30
minutes. The repetition rate was set to one minute, since no difference in probabilities
was found between 1 minute and 5 minutes time-steps. The inception voltage fluctuated
slightly when the waiting time between two subsequent experiments exceeded 12 hours.
The probability of discharge inception (in %) was estimated as the amount of experiments
resulting in discharge inception, divided by the total amount of experiments (×100%).
During the inception probability estimation the ‘‘average’’ probability was measured:
experiments were performed both in the early morning - with a new gas (and consequently
no pre-charging or preionization) in the system - and in the evening, after the whole day
of regular discharge inceptions.

The voltage step during the experiments was directly correlated to the acoustic
output volume step of the laptop. Since that is a finite step - voltage values for higher
pressures are less precise (voltage step of ∼3 kV). The voltage and current waveforms
were automatically registered by oscilloscope and were further analyzed in terms of
absence/presence of the current. As a result of this analysis probabilities of discharge
inception at a certain voltage level for a certain pressure were obtained.

To protect the circuit against a possible breakdown, a breakdown detection circuit was
realized. For this purpose, the discharge current was measured by a second oscilloscope,
which generated a trigger-out signal in case the discharge current exceeded a certain
value. This signal triggered an opening switch (which was closed by default) that shuts
down the power supply of the setup in case of a breakdown.
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5.3 Results and discussion

5.3.1 Electrodeless streamer inception

In this section, experiments are described on discharge inception under different gas con-
ditions and pressures. The focus of the experiments was on determining the experimental
values of the inception voltage and their comparison with the values calculated with the
model described in section 5.1.1. Experimental results were already partly presented in
figure 4.2, showing the inception voltages for nitrogen at different pressures. Figure 5.2
represents the experimental results obtained for more gases, with argon having the lowest
values of inception voltages, and SF6 - the highest. The values for nitrogen as presented
in figure 4.2 have also been added to this figure 5.2. Apparently, inception voltages for
nitrogen, air (ambient) and CO2 do not show significant differences.

Figure 5.2: Streamer inception voltage as a function of pressure for different gases. Error
bars for nitrogen, air, and CO2 were in the range of (10-15)% and are not presented here for
visibility reason.

The data for SF6/N2 mixtures will be discussed in more detail in the next section.
Here we focus on the values of inception voltages and the possibility of comparing
those with the results from the model. The calculations based on the model described
in section 5.1.1 were performed with the help of COMSOL 5.2. The exact electrode
geometry, as presented in figure 3.3a of Chapter 3, was used for the calculations. The
model takes the geometry, materials (dielectric and metals of the electrodes), type of
gas and gas pressure, as well as the applied voltage, as input data. The model then
calculates the scalar field φ (i.e. the value of the streamer inception criterion as explained
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in Section 5.1.1). For this, also the data on α(E) for the different gases is required;
the selection of these data will be discussed in Section 5.3.3. The values of measured
inception voltages (figure 5.2) were used as input data. Figure 5.3a illustrates a result of
such calculations.

(a) (b)

Figure 5.3: Outcome of the streamer inception model (scalar field φ) for the following
conditions: gas - nitrogen, pressure - 200 mbar, applied voltage - (∼ 9 kV). (a) The distribution
of φ(r, z) in the experimental set-up in the vicinity of the 4 mm electrode gap; (b) Value of φ
along the surface of the rod - including the maximum value (i.e. streamer criterion K) in the
system; x axis on the graph represents the coordinate along the sample surface, with 0 being the
point of contact with the grounded electrode, 100 mm being the middle of the rod, and 200 mm
- the point of contact with the high voltage electrode.

Due to the fact that during the experiments the minimum value of the voltage required
for inception was measured, we take the maximum value of the streamer criterion field
φ, calculated by the model, into consideration. Once the streamer criterion reaches a
critical value, inception occurs. As can be seen from figure 5.3a, the value of φ reaches
its maximum on the surface of the dielectric sample; figure 5.3b represents the values
of φ along the surface, thus including the maximum value of the criterion under given
conditions.

In such a way, the critical values of K (which is the maximum value of φ) were
calculated for all the gases under investigation: nitrogen, argon, air, CO2, and SF6. The
results of these calculations are presented in figure 5.4.

Figure 5.4 shows that for non-electronegative gases, like nitrogen and argon, the data
can be very well approximated with the assumed value for the streamer criterion K of
≈ 10. This is in good agreement with reported experimental and theoretical works (see
Chapter 2). For electronegative gases, however, the spread in the values of K becomes
larger (the more electronegative the gas is, the larger the spread) resulting in higher
uncertainty while fitting a value for K. Air can be fairly well fitted with K ≈ 20, which
is close to the generally used value of the inception criterion for streamer discharges in
homogeneous fields (see Section 2.1). A similar geometry was considered by A. Pedersen
et. al. [Ped09], who investigated a dielectric sample with two symmetrically embedded
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Figure 5.4: The values of the streamer inception criterion for different gases under different
pressure conditions. The values of the inception voltage for each pressure were taken from the
results of experiments (figure 5.2). Horizontal lines represent the average values of K for each
gas.

electrodes. In their experiments two additional outer electrodes were introduced around
the rod, so that the inception could start both from an electrode and from a dielectric
surface (electrodeless inception). Experimental results presented in [Ped09] fit the value
of K = 18.

The values of K for SF6 show a very large spread and are too large to be considered
reliable - a value of K ≈ 80 would correspond to 1034 electrons that have to accumulate
in the avalanche head to make the avalanche self propagating. That value is obviously
too high. Also for CO2 the values for K and the spread in these values are rather high.
These results will be now discussed in more detail.

To analyze the obtained values, the comparison of the measured values of the inception
voltages with those, predicted by the model for the value of streamer criterion K = 10
(i.e. expected value for discharges in inhomogeneous fields, as described in Section 2.1) is
presented in figure 5.5 for different gases.

We have further checked, how sensitive the calculations of K are for a change of the
voltage, since the K(V ) dependence is expected to be steep. Even a small change in the
applied voltage can cause a significant increase or decrease in the value of the inception
integral. Figure 5.6 represents the results of these calculations for discharge along a
dielectric in air. The thick black lines in the graph represent the range of data, obtained
during the experiments: the measured values of inception voltage with the variations
determined by the error bars.
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(a) Nitrogen (b) Argon

(c) Air (d) CO2

(e) SF6

Figure 5.5: The values of the inception voltage versus the gas pressure for different gases
(circles). On each graph, the solid line represents voltage values calculated with the help of
streamer inception model for K = 10.



44 Chapter 5. Discharge Inception

Figure 5.6: The values of the streamer inception criterion for air for a variety of voltages and
for various pressures. Thick black lines represent the experimental range of data. The horizontal
lines represent the range of values of K that covers all the experimental pressure-voltage data.

Figure 5.6 shows, that even within the range of the experimental error bars the values
of K for air vary from ≈ 10 to ≈ 35. It can also be seen that values of K in the range
of (16.7 - 22.7) fit the experimental results for all measured pressures. The value of the
inception integral in air is thus higher than that observed for nitrogen and argon. Similar
graphs were obtained for discharges in other media (see Appendix 2).

For all the gases under consideration the K(V ) dependence was rather steep; the
ranges of inception integrals corresponding to the different gases considered here can be
seen in table 5.1.

One of the reasons for the apparently high values of streamer inception criterion K
for electronegative gases might be the absence of a free electron in an experiment. In
the model the first electron is always present. In the experiment, however, an inception
delay is possible [Nie95]; this inception delay is the waiting time for a first electron to
appear in the region of a high electric field. The presence of a first free electron and the
inception delay are determined by ionization induced by cosmic rays and radioactive
radiation (by radioactive components present e.g. in the soil or in building materials,
like radon). About 80% of the electrons produced by radioactive radiation are produced
by α- and β-particles [Chr90, Kin85] which cannot penetrate the metallic enclosures of
practical systems. Consequently, in our case radioactive radiation will not influence
the probability of presence of a first electron. According to figure 5.3, the value of a
streamer integral exhibits a sharp maximum. Taking into consideration the error bars
of the measured voltages used for the calculations, and the discussed above fact that
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Table 5.1: The values of inception integrals, obtained with the help of streamer inception
model, with the experimentally measured voltage values as the input parameters.

Gas Streamer criterion (K) range
Nitrogen (9.2 - 10.4)
Argon (9.9 - 10.5)

Air (ambient) (16.7 - 22.7)
CO2 (inception voltage) (38 - 42)
CO2 (extinction voltage) (≈ 25)

SF6 (90 - 98)

even slight variations in voltages cause large variations in the value of K, we assume
that the linear parameter of the critical volume, where inception can occur, is in the
order of ∼ 1 mm. According to [Nie95], the waiting time for a first electron to appear
in a spherical void of a 1 mm diameter, lies in the order of ∼ 103 s, i.e. ∼ 17 minutes.
The large discrepancies in the experimental data for electronegative gases, especially for
SF6 (see figure 5.4), might be a result of this statistical time lag, since the presence or
absence of an electron in high electric field/high K region is a stochastic process.

Experiments to check this hypothesis were performed in the following manner: the
set-up was adjusted to a voltage slightly (∼ (0.5 - 1) kV) below the average inception
voltage and left in that state for a period of 30 minutes, or until an inception event
occurred. If within the period of 30 minutes an inception was observed, the applied
voltage was again changed to a slightly (∼ 0.5 kV) lower value. Experiments were
repeated until the voltage value was low enough to not lead to a discharge inception
within 30 minutes. Experiments of this manner were performed for air and CO2 gases. No
significant effect of the long waiting times on inception voltages was observed: the values
were slightly lower, but within the range of the error bars of the previous measurements
for the average inception voltages, and not low enough to shift a straight fitting line
for CO2 (from figure 5.4) to the values of K ≈ 10. Higher inception voltages and
electric fields higher than predicted theoretically, were also experimentally observed, e.g.
by [Adi11], who investigated partial discharge (PD) inception in voids. The ionizing
radiation of x-rays was used to provide a start electron in a void, allowing to avoid
applying an overvoltage to the test equipment. They have shown that x-ray application
eliminates the statistical time delay and incepts PD at lower electric fields as compared
to the theoretical inception field.

5.3.2 Extinction voltage

Another set of experiments of this work was devoted to determining the so-called
extinction voltage of the discharges. To perform these investigations the voltage of
the set-up was set to the discharge inception voltage and consequently lowered until
the discharge activity disappeared. After the first streamers were initiated under the
inception voltage, surface discharges remained if the voltage was reduced to a value
below the inception. A possible explanation for that is the ionization of the environment
remaining from previous discharges. The dielectric surface can also be a source of new
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(a) Air (b) CO2

Figure 5.7: The values of the inception voltage and extinction voltage versus the gas pressure
for air (a) and CO2 (b). On each graph the solid black line represents voltage values calculated
with the help of streamer inception model for K = 10. The dashed line in (b) represents voltage
values calculated with K = 25

initial electrons, through the photoelectron-induced emission from the surface. Moreover,
the surface can be charged after the initial discharge activity, making it easier for the
new streamers to occur.

Since the first discharge can provide the system with an initial electron, the ex-
periments determining the voltage of discharge extinction were also compared with
calculations of the inception voltage for the expected value of K ≈ 10. The results of
this comparison for CO2 and air are presented in figure 5.7.

Extinction voltages for air at low pressures fit rather well with the calculations using
the streamer inception model with K = 10. The agreement is worse at higher pressures.
From figure 5.4 one can already notice that for lower pressures the error bars for the
corresponding inception voltages cross the K = 10 line. Extinction voltages for CO2 can
be very well fitted with the theoretical calculations for the case of K = 25. The value of
25 is still quite high as compared to the expected value, and even to the value of the
inception integral in homogeneous fields.

We attribute higher inception voltages measured experimentally, than predicted by
K≈10, to a statistical time lag of the first electron. In non-electronegative gases (like
nitrogen and argon), electrons generated by cosmic rays in the vicinity of the small
region where inception can occur, can be pulled by the electric field in the direction of
the critical region, initiating the discharge. On the contrary, in electronegative gases
these electrons will be trapped by gas molecules before they reach the critical region.
Consequently, to incept a discharge in electronegative gases, initial electrons have to
be produced right in the area where they can start an electron avalanche leading to a
breakdown, the probability of such event being rather low. Our higher waiting times
than those predicted by [Nie95] can be explained by the fact, that they predicted the time
lag for both cosmic rays and terrestrial radiation, while in our case terrestrial radiation
will not be effective. Moreover, the 1 mm length-scale evaluated to be a critical region,
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might be an over-estimation since the maximum of φ (see figure 5.3b) is rather sharp.
This will increase the statistical time delay even further. As a result, to increase the
probability of streamer inception, the area of the critical region has to be increased. This
is achieved by applying a higher voltage, so that a graph similar to figure 5.3b exhibits a
range of values where K & 10, providing a larger critical area.

5.3.3 Choosing values for εr and α

The calculated value of streamer inception integral (equation 5.1) depends on the value
of the effective ionization coefficient αeff (E). Therefore, discrepancies of K can be
attributed to the errors in αeff (E) dependence. Data sets for αeff (E) are available for
the different gases studied in this thesis. These data sets do not take into account the
influence of the dielectric surface on discharge process. The dielectric surface can, however,
emit or absorb charged particles, influencing the process of discharge propagation. In
Chapter 4 it was shown, that for our case of electrodeless inception, the influence of
a dielectric is largely limited to εr-induced electric-field enhancement. In Chapter 6 it
will be demonstrated that the discharge propagation is mainly determined by processes
in the gas environment. For calculations presented in this chapter we used the values
of αeff (E) for processes in bulk gases. The choice of these values might be a possible
explanation for the differences observed between the calculated and the experimental
values of the inception integral for electronegative gases. The data was taken from the
following sources:

• Nitrogen: Biagi - v 8.9 database [Bia16], www.lxcat.net [Hag05];

• Argon: SIGLO database (Compilation of Phelps) [Phe16], www.lxcat.net [Hag05];

• SF6: Phelps database [Phe88], www.lxcat.net [Hag05];

• CO2: Phelps database [Phe88], www.lxcat.net [Hag05];

• Air: several sets of data are available for ionisation coefficients of air. In the present
work we used the compilation created by M. Piemontesi who analyzed data from
[Fri92], [Dut75] and [Pet95]. The following relations were used:

2.588 <
E

p20
< 7.943
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mm · bar
→ αeff

p20
= 1.6053(

E

p20
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E
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E/p20
), (mm · bar)−1, (5.6)

where p20 is the gas pressure quantified for T = 20◦C. The according set of data
for air can be found in Appendix 3.
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The (αeff/N vs. E/N) dependence can also be sensitive for the temperature condi-
tions. In [Zae91] it has been shown that the values of αeff/N decrease with an increase of
temperature of the surrounding environment for the constant E/N . A noticeable decrease
in the values of αeff/N was noticed for an increase of temperature from 27◦C to 49◦C,
which was attributed to an increase in electron attachment for higher temperatures.
Consequently, for higher temperatures an increase in breakdown voltages has to be
expected, however systematic breakdown voltage measurements did not indicate any
consistent change in the breakdown voltage as function of temperature in the range from
27◦C to 150◦K. In our case the change of temperature did not exceed (±5◦C), hence a
possible temperature dependence can be neglected.

It is also worth mentioning that the humidity of the environment affects the values of
the effective ionization coefficient. The effect of humidity on the attachment coefficient
and effective ionization coefficient has been investigated, e.g., by [Kuf59]. The effective
ionization coefficients turned out to be lower for humid air than for dry air (the comparison
was made for dry air and saturated air under the same conditions). The total effect of
humidity is, however, unclear, since most of the available data corresponds to dry air
conditions. The small change in the values of αeff at higher humidity of the ambient
air may be responsible for the shift of the theoretical (Vinception − p) curve, calculated
for (K=10) (see figures 5.5c and 5.7a).

The value of the relative dielectric permittivity εr of the insulator was also used
during the calculations. To check the value of εr the capacitance of the experimental
sample was measured with a high-sensitivity impedance bridge. Agilent 4263B-type
RLC meter at a frequency of 100 Hz was employed to determine the capacitance. This
capacitance was further used to calculate the dielectric permittivity of the sample. It
turned out that the dielectric permittivity of the epoxy used during the experiments
was 4± 0.2. The value of εr of 4 was thus used during the calculations. To check the
sensitivity of results for the value of εr, several other values were considered. The results
were fluctuating within the 10% range for the ±0.5 change of εr.

5.3.4 SF6/N2 mixtures

In this section experiments on the inception voltage and the pre-breakdown current
measurements for SF6/N2 mixtures, are described. The experimental procedures for
these experiments were the same as for the experiments in nitrogen as discussed in
Chapter 4. Figure 5.8 shows fast pre-breakdown current measurements obtained for low
(5%) SF6 admixture and for high ((80-100) %) SF6 admixture, and their comparison
with current shapes in nitrogen.

The time scale of the observed pre-breakdown currents changes significantly with the
presence of SF6. Already with 5% admixture of SF6 the current reaches its maximum
value after ∼ 3 ns, and after 15 ns the discharge is decayed. For comparison, the current
shape of the process in nitrogen is also presented in figure 5.8 (black line). Obviously, the
discharge process in SF6 and SF6/N2 mixtures is much faster as compared to discharges
in N2. The observed current waveforms for SF6/N2 oscillate with the resonance frequency
(∼150 MHz) of the experimental setup. An important observation can be seen when
comparing the currents for 5% and 80% admixtures. The maximum value of the current
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Figure 5.8: Time-resolved current measurements for discharge processes in the mixtures of
SF6 with nitrogen (meaning of the three curves per case as in figure 4.3a).

increases at higher SF6 concentrations, but the total discharge duration of 15 ns does
not depend on the SF6 concentration. The experimental data presented in figure 5.8
shows that adding only a small admixture (5%) of SF6 to nitrogen strongly affects
surface discharge development; discharges propagate and quench significantly faster.
This correlates with the available data on rise and fall times of pre-breakdown processes
in SF6/N2 mixtures [Oku12]. Reference [Oku12] demonstrates that adding only 1% of
SF6 to nitrogen influences already the fall time of the pre-breakdown current, while such
a small admixture does not influence the rise time. At 60% of SF6 both rise and fall
time are influenced by the SF6 concentration, and the data does not significantly change
when going to 100% SF6. In our case the rise times were not influenced by increasing
the SF6 admixture from 5% to 60%. The difference can be explained by the fact that in
[Oku12] discharges propagate through the volume of bulk gas, while in our case streamers
develop on the surface of a dielectric without any contact to metal parts. Consequently,
the solid dielectric plays a major role in streamer inception, whereas the conditions of
the surrounding environment influence the discharge propagation and quenching process.

The discharge inception voltage was measured for different amounts of sulfur hexaflu-
oride, the results are presented in figure 5.9. Already with 5% admixture the inception
voltage noticeably increases from ∼25 kV to ∼35kV at 0.1 MPa (1 bar). Similar behavior
has been reported by several other experimental investigations of discharge processes
in SF6/N2 mixtures [Chr95, Lem13, Wan12, Uen01]. For instance, the experimental
arrangement of [Wan12] is similar to the one presented in this work, since in both works
flashover on a dielectric surface was investigated under AC voltage. The range of gas
pressures under investigation of [Wan12] (from 0.1 to 0.25 MPa (1 to 2.5 bar)) was
higher than in the current research, however the observed dependence of the inception
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Figure 5.9: Inception voltage versus gas pressure for discharges in various SF6/N2 mixtures.

voltage on pressure is similar. Moreover the inception voltage values for 0.1 MPa (1 bar)
are almost the same (the small difference can be explained by the different geometries
of experimental setups). Part of our results can thus also be seen as a completion of
former work, but note that here electrodeless inception is considered. In some of the
works inception voltages tend to saturate with the increase of the SF6 percentage in
the mixture. This effect was not observed during our experimental procedures. The
saturation was observed only for higher pressures than those considered in the current
research [Chr95, Lem13, Mal83, Ris82]. In [Wan12] it was demonstrated that only at
pressures above 0.175 MPa (1.75 mbar) the increase of surface flashover voltage with
pressure becomes slower and exhibits trends of saturation. This behavior may be ex-
plained by the fact, that the amount of SF6 in a given volume is a more important
factor than the percentage of SF6 relative to N2. As discussed in Section 2.2.3, electron
attachment is a dominant process in SF6 at low electron energies. It has been demon-
strated [Mal79, Pac78] that for energies below 1 eV electron attachment cross-sections
for SF6 are very high. Consequently, adding even a small amount of SF6 will result in
a significant increase in breakdown voltage due to the subsequent absence of electrons,
whereas the further increase of SF6 percentage would have much less effect. Since the
amount of free electrons in the system is determined by ionization induced by cosmic
rays, it will depend less on the concentration and pressure of the ‘‘base’’ gas in the
system (in our case - nitrogen), but more on the system volume. Therefore, a certain
amount of SF6 will attach most of the free low-energetic electrons, independent from the
amount of nitrogen in a given volume. As experiments with SF6/N2 mixtures are always
considering the percentage of sulfur hexafluoride relative to nitrogen rather that its net
amount, at higher pressures of the mixture more SF6 is present in the system at low
SF6 concentration than in low-pressure experiments at high concentrations. Therefore,
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the saturation effect is more pronounced at high pressures of the mixture.

5.3.5 Probabilities of inception

The probabilities of discharge inception at a certain voltage level were measured according
to the measurement procedure described in Section 5.2. One of the reasons to perform
these measurements was to obtain more information on the values of inception voltages
measured by the experimental procedure described in section 4.2. Because the voltage
values discussed up to now, were the average inception voltages, it was of importance
to determine what the inception probability of a discharge at a certain voltage level is.
Results of probability measurements for streamer activity in ambient air environment
are presented in figure 5.10.

Figure 5.10: Probabilities of discharge inception in air for the pressures of (100-800 mbar)
and voltage frequency of 50 Hz. The squares represent the values of inception voltage derived
with the method described in 4.2.

It can be seen that the inception voltage derived with the procedure, commonly used
throughout this manuscript, is, on average, in the order of the values of 50% probability
of inception. Inception voltages were rarely above this value. For higher pressures the
voltage values corresponding to ∼ 70% probability of inception and the voltage values,
corresponding to the absence of inception, were lying within the margin of error of each
other, making it impossible to distinguish between them. For lower pressures, the values
of inception voltages were closer to those, corresponding to ∼ 5% probability of inception.
These low probabilities of inception are beneficial for comparison with the streamer
inception model, since the model calculates the lowest possible voltage required for the
discharge inception.
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5.3.6 Influence of surface roughness

To investigate whether inception voltages depend on the conditions of the dielectric
surface (roughness of the surface) experiments were performed on a sample with a
roughness parameter (average size of the protrusions) of (740-1000)µm. The results
of these experiments are presented in figure 5.11, where for comparison also inception
voltages for the smooth samples in air are presented. As can be clearly seen from
figure 5.11, the roughness of the surface hardly influences the streamer inception voltage.
As was stated in conclusions to Chapter 4, inception voltage is rather dominated by the
field enhancement, hence the state of the surface does not have a significant effect, as far
as the imperfections are small enough to not cause a local E-field enhancement.

Figure 5.11: Inception voltages measured in air for a smooth sample and for a sample with
(740-1000)µm roughness parameter.

5.4 Conclusions

In section 5.1.1 a streamer inception model was described, used to obtain values for
the inception voltage in complex metal-dielectric geometries. The model calculates the
streamer inception criterion and by comparing the calculated value with the critical
value, derives inception voltages in the system for a given geometry and gas composition.
The streamer inception criterion is currently used during the design process of various
HV components. However, the critical value of the streamer inception criterion constant
K is not sufficiently verified by experimental results. The currently accepted value for
geometries with inhomogeneous field distribution is K ≈ 10.

The experiments described in section 5.3.1 were used to study the value of K. The
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different gases: Ar, N2, air, SF6, CO2, and SF6/N2 mixtures were considered. It turned
out, that for gases like nitrogen and argon the inception model works very well, the
inception criterion of K ≈ 10 fits the obtained experimental results. For electronegative
gases, however, the experimentally derived values of K were much higher than the
commonly used value of 10, and increased with the increase of electronegativity of
the gas. We believe that the difference in the values of the inception criterion can be
explained by the statistical time delay of the first electron, resulting in the absence of a
free electron in the area of high electric field and thus leading to the necessity of applying
an overvoltage to the discharge gap in order to trigger the flashover.

Experiments with nitrogen-SF6 mixtures demonstrated that the electrodeless streamer
inception voltage increases rapidly as a function of SF6/N2 ratio already at small amounts
of SF6 (∼ 5%), and continues to increase at a lower rate with the increase of the SF6/N2

ratio. The inception voltage also increases with gas pressure at constant SF6/N2 ratio.
Furthermore, the rise-time of the current decreases significantly with an increase of the
SF6/N2 ratio. The decay time of the current behaves in a similar way, thus the total
duration of the discharge decreases almost by a factor of 10, i.e., from ∼ 150 nanoseconds
to ∼ 15 nanoseconds for pure nitrogen and 5% SF6 admixture, respectively. Overall,
experiments with SF6/N2 mixtures indicate that, in the context of electrodeless inception
at a solid dielectric surface, the amount of SF6 used as a gaseous media can be reduced
significantly without losing much of the dielectric strength.





CHAPTER 6

PROPAGATION OF SURFACE DISCHARGES

This chapter presents optical investigations of streamers propagating
over the surface of a solid dielectric. Two different voltage types, 50 Hz
AC and impulse voltage in the µs time range, are considered. Streamers
propagating under AC voltage require smaller values of the inception
voltage and consequently propagate less far than those generated with
pulsed voltages. As shown in the previous chapter, the AC-powered
streamer inception for several gases can be predicted by the streamer
inception model. In this chapter, the streamer propagation model
is employed to estimate the length of the streamers initiated at the
inception voltage. This comparison was performed for AC-powered
streamers. It is demonstrated, that the streamer propagation model
predicts the maximum streamer length for the given conditions. Much
higher voltages were required to initiate discharges with pulsed voltage,
consequently, these discharges were significantly brighter and propa-
gated significantly further than the AC-powered ones. Implementation
of the pulsed voltage supply allowed for synchronization of the camera;
velocities of the streamers could be estimated and compared to veloc-
ities reported in literature. It is shown that discharge velocities are
higher than those observed in a bulk gas; moreover, surface streamers
in nitrogen are slightly faster than similar discharges in ambient air.
It is concluded that while the presence of the surface is a determining
factor for discharge inception, conditions of the surrounding media
play an important role in streamer propagation process.
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6.1 Introduction

When a dielectric material is present in the area of discharge propagation, the electric field
of the system is modified due to the dielectric polarization. The magnitude of the effect is
governed by the dielectric permittivity εr. Some studies suggest that polarization can even
enhance the local electric field between a dielectric surface and a discharge itself [Aky01].
With the help of a simple 2D model Akyuz et al. [Aky01] have shown that the charging
of a dielectric influences the attraction of the discharge towards (or repulsion from) the
dielectric surface: the accumulation of the positive charge will change the direction of
the maximum field at the tip of the positive streamer away from the surface, while
negative charges lead to enhanced streamer affinity. The materials under investigation
were various types of polymers (silicon rubber). Velocities of discharges propagating
along dielectric surfaces were slightly higher than those obtained for discharges in bulk
gas (see figure 6.1a). The increase of streamer velocity was attributed to the increased
ionization intensity in the presence of an insulating surface. The exact mechanism of
an increased ionization is, however, not clear, with several effects playing a role: the
before-mentioned field-enhancement due to the relative permittivity (see also Chapter 4),
the lower ionization potential of the surface material as compared to ambient air, and a
negative accumulated charge deposited on the surface, prior to the streamer propagation.

In the previous chapters (Chapter 4 and Section 5.3.4 of Chapter 5) it has been
suggested that the dielectric permittivity of the surface is the main factor responsible for
the inception of the discharge, while the conditions of the surrounding media determine
the discharge propagation. Similar conclusions can be drawn from previous studies,
as no clear correlation between the value of εr and streamer velocity was observed
[Tan07, Aky01, Men15]. In a study of [Men15] it was shown that streamer velocities on
some glazed surfaces are rather low as compared to the other dielectrics. The effect of
differences in velocities is not yet fully explained; one of the reasons may be a different
photoemission potential of the surface as compared to bulk gas [Tri16, Dub16].

6.1.1 Chapter outline

The current chapter focuses on 2 aspects:

1. Analysis of the experimental data on streamer propagation and comparison of the
obtained results with the results of the streamer propagation model. The streamer
propagation model estimates the maximum length of the streamer, initiated by
the given voltage. The comparison of the experimental data with the predictions
of the model was performed for the case of streamers generated with 50 Hz AC
voltage. It was expected that the measured distances, covered by streamers,
would be shorter than those predicted by the model, but of the same order of
magnitude. This expectation is based on the fact that the model estimates, as
stated above, the maximum length of the streamer; moreover, at the last stages
of discharge development, right before quenching, the optical emission from the
streamer may become less intense, resulting in less accurate image capture by the
iCCD camera. The theoretical and experimental values were, however, expected to
be in a reasonably good agreement.
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2. Time-resolved observations of surface discharge propagation in nitrogen and air.
The experiments were performed with pulsed voltage, which resulted in an over-
voltage as compared to the experiments performed with 50 Hz AC supply. Using a
pulsed voltage allowed for synchronization of the iCCD camera with the applied
voltage pulse, so that time resolved imaging of the discharge was possible. The
main goal of the experiments with pulsed voltages was to obtain data on streamer
velocities in order to understand whether surface effects or processes in bulk gas
play the dominant role in our case of electrodeless discharge inception.

6.1.2 Streamer velocities

Two sets of the existing experimental data on surface streamer velocities are presented
in figure 6.1. It can be seen, that for both cases, the surface streamer velocity is higher
than the reference velocity of a discharge propagating in air without a dielectric surface
in the system. There is only one exception of this general remark - the glazed ceramic
surface of, e.g. [Men15]. The slow velocities on that material are probably explained by
the high photon energy required to produce a photoelectron from the surface. It can
be seen that the main difference in velocities is not caused by the material but by the
change of the electric field, e.g. - in figure 6.1b for the external field of 550 kV/m all
the measured velocities are very close to each other (with values slightly higher than
those measured for air, but in the vicinity of error bars for the measurements without
dielectrics). One exception is the PTFE surface. The high velocities along the PTFE
surface can be explained by the low energies of photons required for photoemission from
that surface.

Jorgenson et al. [Jor03] estimated the role of photoemission in the breakdown process.
Based on the experimental data of several researches (see e.g. [Fuj72, Mur79, Win77])
he showed that photon energies as low as 5.85 eV and 7.84 eV can lead to photoemission
from Teflon (corresponding quantum yield ∼ 10−7) and Polyethylene (corresponding
quantum yield ∼ 10−3), respectively. Murata ([Mur79]) demonstrated that photons
with energies as low as 4 eV can cause photoemission from some polymers. The process
will, however, not be very effective due to a very low quantum yield (10−11 − 10−10).
Jorgenson has also demonstrated that for the initial stage of the avalanche, when the
energies of the electrons are still low, electrons will rather stick to the surface, than cause
electron emission. The surface thus removes the electrons from the avalanche, hindering
discharge propagation (see also Chapter 7, Section 7.5).

Overall, the data found in literature suggests that velocities of streamers on the
dielectric surfaces are slightly higher than those observed for discharges propagating
through bulk gas. The majority of the experimental data is, however, devoted to
streamers initiated on a sharp metal tip and subsequently propagating along a dielectric.
Many researchers compare the effects of photoemission and photoionization in order
to estimate the dominant effect for certain conditions and, thus, to be able to predict
whether the streamer will propagate through bulk gas or along a dielectric. This problem
of surface affinity does not exist in our case, since the streamer is forced to propagate
along the dielectric, due to the fact that electric field is the highest along the surface.
In section 6.4.2 we will investigate streamer velocities for the case of such electrodeless
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(a) Streamer propagation velocities as measured by [Aky01] in air under
atmospheric pressure conditions. The different surfaces are different samples
of silicon rubber.

(b) Streamer propagation velocities as measured by [Men15] in air under
atmospheric conditions.

Figure 6.1: Comparison of two sets of data on velocities of streamers propagating in ambient
air and on the dielectric surfaces.
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discharge inception.

6.1.3 Streamer propagation model

In the previous chapter (Section 5.1.1) a streamer inception model was described, pre-
dicting the values of the streamer inception integral, as well as the critical regions where
inception can be expected. A streamer propagation model has to describe how far the
incepted streamer can propagate. The most important question solved by the model, is:
how long a streamer channel can grow for a given value of the applied voltage and a
known geometry. A simple but well working concept is based on the so-called ‘‘stability
field’’, i.e. the lowest value of the external electric field (the field in the absence of a
streamer) at which the streamer is still able to propagate [Kuf00]. This field is supposed
to be ≥ the internal field of the streamer channel. The values for the stability fields for
positive (E+

st) and negative (E−
st) streamers propagating in air and CO2 are presented in

table 6.1.

As shown in Chapter 5, a commercial simulation tool (COMSOL 5.2 in our case) is
capable of computing the voltage and electric field distribution in a system, given the
geometry and the layout of the experimental set-up. In a similar manner as in Chapter 5,
we calculated the electric field and equipotential lines for the exact geometry of the
electrodes and the experimental sample (dielectric rod), as used in this research. The
result of the calculations is presented in figure 6.2.

The following approach is based on [Chr10, Chr12]. It is assumed that a streamer
starts at a point with a coordinate ~r0. All the possible coordinates ~r0 can be determined
with the help of the streamer inception model (see Chapter 5). The desired outcome of
the streamer propagation model is the knowledge of whether or not that streamer will
be able to reach a point with a coordinate ~r. The streamer will reach the point ~r if the
following condition is satisfied:

U(~r0)− Us(s) ≥ U(~r), (6.1)

where U(~r0) is the voltage in ~r0, U(~r) is the voltage in (~r), and Us(s) is the voltage drop
along the streamer channel, with s being the length of the streamer channel. In the most
simple approximation of a discharge, characterised by a channel with constant diameter
and a length s = |~r − ~r0|, Us(s) = Ess, or

U(~r0)− Es|~r − ~r0| ≥ U(~r) (6.2)

By assuming s = |~r − ~r0|, we consider the envelope of all possible streamer paths. This
is a generalization of [Chr10, Chr12] where specific realizations of streamer paths were

Table 6.1: The values of stability fields for propagation of a positive (E+
st) and negative (E−

st)
streamers for air and CO2.

Gas E+
st, kV/cm E−

st, kV/cm References
Air 5 12.5 [All95, Nie95]
CO2 ∼ (10 ÷ 20), pressure-dependent (10.5 ± 1) [See16]
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(a) Electric potential distribution. The grid
values represent geometrical entities of the ar-
rangement (in mm).

(b) Electric field distribution

(c) The layout for the calculations (d) Electric field distribution along the surface
of the sample, where the thickness of the di-
electric is the smallest - the area of the highest
electric field in the system.

Figure 6.2: The distribution of the important electrical parameters computed with COMSOL
5.2 commercial software. 2D cross-section of the set-up is presented in figure 6.3
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modeled by ordinary differential equations for the streamer head location ~r(t). The
model furthermore assumes that voltage is constant during the short time duration of
the discharge propagation, for the purpose of implementing a quasi-stationary approach
described above. For our experimental case of the AC voltage supply this approximation
is valid, since the characteristic times of a 50Hz voltage wave are much larger than the
time-scale of a discharge propagation (< 200ns).

A more complex propagation model would include [Chr12]:

Us(s) = Us,0 + Es|~r − ~r0|, (6.3)

where Us,0 is an empirical constant which can be interpreted as an additional voltage
required by the streamer head and an additional contribution required for streamer-to-
leader transition, which is not discussed here; the additional term is thus not used in
this work.

It has to be mentioned that the model described above only takes into account the
modification of the electric field caused by the difference in dielectric permittivities be-
tween a dielectric and a surrounding gas. The effects of surface charging or photoemission
on the value of Us(s) are not taken into account. As discussed in the previous section
(Section 6.1.2), as well as in Section 7.5, the dielectric surface can trap free electrons,
making the streamer propagation more difficult. On the other hand, the surface can also
be a source of photon-induced electron emission, providing additional charges in front of
the streamer head.

The following sections (Section 6.2, Section 6.3 and Section 6.4) contain the experi-
mental arrangement, the obtained results, and the discussion.

6.2 Experimental arrangement

The experimental samples and the vessel used for the series of experiments presented in
this chapter are the same as presented in chapters 4 and 5. The special features of each
set of experiments - AC-powered and pulse-powered - are described below.

6.2.1 AC-powered streamers

The experimental procedures for AC-powered streamers are also equal to those described
in previous chapters: the voltage can be regulated by means of a variac, connected to a
high-voltage step-up transformer. The high AC 50 Hz voltage is connected to the sample
via a high-voltage feedthrough on top of the experimental vessel. The discharge current
is monitored by means of the sub-divided cathode method. Images of the discharge are
recorded with a 4-Picos iCCD camera. The spectral sensitivity of the photocathodes of
the camera was (165 - 820) nm, which allowed to register both the visible and the UV
parts of the spectrum (allowed by the quartz windows of the vessel & 200 nm). Due to
the inability of synchronizing the gate of the camera with the AC 50 Hz voltage supply
producing discharges at different values of instantaneous voltages, only integral images
were taken during this series of experiments



62 Chapter 6. Propagation of surface discharges

6.2.2 Streamers generated with pulsed voltage

To obtain the values of surface streamer velocities time-resolved imaging is required.
For the experiments described in this chapter a pulsed voltage supply was used, that
could be synchronized with the imaging by the iCCD camera. The general lay-out of the
experimental set-up for pulsed-powered experiments is presented in figure 6.3

Figure 6.3: Experimental set-up with the pulsed voltage.

A Behlke HTS 701-20-LC2 switch (maximum pulse voltage 70 kV) was used to
generate the pulsed high-voltage. The switch test circuit is presented in figure 6.4. The
switch is supplied with a 5V DC power supply (input 3) and controlled by a trigger
signal through input 1. To control the closing and opening of the switch, a switch-control
box was designed and built (see figure 6.5); with the switch control box both the pulse
repetition rate and the pulse duration can be adjusted. As can be seen in figure 6.4, the
input 4 of the switch is connected to the ground, if the switch malfunctions. Consequently,
the white diode of the control circuit goes on in the event of failure of the switch. A
capacitance of 100 nF is introduced to make the trigger signal smoother, and the large
220 µF capacitor provides more current when the discharge occurs. The 5.1 V zener
diode protects the switch from an overvoltage of the control signal. Once the voltage of
the control signal exceeds this value, it is grounded and the switch is not triggered. The
complete circuit is shielded by a metal box for EMC purposes.

The HV pulse duration was varied from 400 ns to 6µs during the experiments, the
pulse magnitude for the experiments was ∼ 25 kV. Both the switch (via the switch
control box) and the iCCD camera were triggered by the same signal produced by a
signal generator. The signal from the signal generator was connected to an oscilloscope
for monitoring purposes. Because the camera has an internal delay of 80 ns, and the
turn-on delay time of the switch was 250 ns, it was possible to register even the very
first stages of the discharge.
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Figure 6.4: The pulse circuit with the Behlke high voltage switch; where Rs = 6 kΩ, RL = 30
kΩ, as illustrated in figure 6.3

It has to be mentioned that the HV pulse durations used for the experiments were
much longer than the duration of a single discharge event. This was done to avoid the
registration of the displacement current inevitably occurring if dV/dt of the high voltage
pulse was too high. Since the set-up with the sample under investigation is, in fact, a
capacitive load, this displacement current was observed for each experiment. However,
by making the rise-time of the voltage significantly long, it was possible to distinguish
the streamer current from the displacement current. The increase of the rise-time was
achieved by introducing a 6 kΩ resistance to the circuit. The shape of the voltage pulse,
typically used in the experiments, is presented in figure 6.6.
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Figure 6.5: The control box, designed to set-up and maintain the functioning of the switch.
The numbers (1-5) correspond to the switch control inputs (see figure 6.4). See text for more
details.

Figure 6.6: The typical view of the high voltage pulse used during the experiments.
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The obtained experimental results on the parameters of discharges propagating along
the surface, are presented below.

6.3 AC-powered streamers

In the two following sections the obtained experimental results on discharges propagating
under 50 Hz AC high voltage supply, are presented and discussed.

6.3.1 Experimental results

As mentioned above, AC-voltage restricts the experiments to recording only the integral
images of the discharges. The examples of recorded images for ambient air can be seen
in figure 6.7.

Several things have to be mentioned while analyzing the pictures. Firstly, since it
was impossible to synchronize the opening of the gate of the camera with the AC-cycle, it
is impossible to say whether the discharges were initiated during a positive or a negative
half-cycle. An accurate estimation can be made based on the streamer inception theory
and the calculated distribution of the electric field in the system. As described in the
previous chapter (Chapter 5 Sections 5.1.1 and 5.3.1), the streamer inception model
calculates the value of the streamer integral in the system. The result of such calculations
is presented again in figure 6.8, for convenience.

In figure 6.8 a cross-section of the experimental setup in the area adjacent to the
electrode gap is presented. The top embedded electrode was under high voltage during
the calculations; it can be seen, that streamer discharges will be initiated in the vicinity
of the HV electrode on the dielectric surface. Due to the fact that the character of
discharges propagating upwards and downwards is different, we can assume that it is
a single discharge event, rather than two consecutive discharges of different polarity.
Moreover, the gate of the camera was open for 3 ms for all the recorded images, hence
it was impossible for the two discharge events with positive polarity to be present in
one image. A. Luque et al. [Luq08b] have shown that positive streamers are narrower
than the negative ones. Taking that into account, we can conclude that in the presented
images the top electrode was powered up with the positive half-cycle of the AC voltage.
Luque et al. have also shown that field enhancement in the head of a positive streamer
is larger than that in the negative streamer head, consequently, the negative streamer
will propagate slower than the positive one. Because of the lower velocity, during the
propagation of the negative streamer more ionization events occur per unit of length per
unit of time, leading to the enhanced brightness of the negative streamer as compared to
the positive one. This also confirms the hypothesis that in the presented images positive
streamers are the ones propagating downwards.

It was also observed that during the experiments at higher pressures (roughly above
500 mbar), the discharge current of a single event did not increase as expected, but
the amount of discharge events per half-cycle increased (figure 6.7f is presented as an
example of such behavior).
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(a) 100 mbar, ∼ 6.5kV (b) 200 mbar, ∼ 9kV (c) 300 mbar, ∼ 13kV

(d) 400 mbar, ∼ 17kV (e) 500 mbar, ∼ 19kV (f) 600 mbar, ∼ 22kV

(g) 700 mbar, ∼ 25kV (h) 800 mbar, ∼ 27kV (i) 1000 mbar, ∼ 35kV

Figure 6.7: The evolution of discharge optical emission for AC (50 Hz) powered streamers in
ambient air. Vertical lines represent the boundaries of the experimental rod.
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Figure 6.8: A result of the calculation of the streamer inception integral φ for the experimental
geometry for the case of a positive voltage applied to the top electrode. The colors represent the
value of the streamer integral, the lines are the electric field lines. This example is taken for
the case of CO2 environment, with the pressure of 100 mbar and the applied voltage of 7.1 kV.
Qualitatively similar images were obtained for calculations under different conditions.

Due to the reasons described above, we assume that on the presented figures finger-
like discharges propagating downwards are positive streamers. During the experimental
procedures similar but mirrored images were obtained, i.e. positive streamers propagating
upwards. Those images correspond to the case of the reversed polarity of the applied
AC voltage. Figure 6.7 represents a selection of images obtained for the same polarity
of the applied voltage to illustrate the changes in discharge structure due to pressure
variations.

The character of the observed discharges is not yet very clear. Discharges propagating
in the direction of the grounded electrode are believed to be the positive streamers (see
above). Based on the obtained images the diameter of these discharges can be estimated.
In figure 6.7 the two vertical lines represent the boundaries of the experimental rod,
hence the distance between these two lines is 35 mm. Taking this value as a reference
value, the values for the discharge diameters can be obtained. It turns out, that in
air streamer diameter values reach ≈ (1-2) mm. The inaccuracy in determining the
value comes from the variations of the streamer diameters observed, as well as from
the sensitivity of the camera. For higher pressures the accuracy of the determined
values is lower than the corresponding value for lower pressures, as streamers propagate
shorter distances, consequently it is more difficult to distinguish between the separate
channels. The obtained values correspond to those, previously observed in literature
for positive streamer diameters [Nai09, Bri06]. This also confirms that in the obtained
images positive streamers propagating towards the cathode, are observed.

Similar experiments were performed for discharges in CO2. The obtained images are
presented in figure 6.9.
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(a) 100 mbar, ∼ 7kV (b) 300 mbar, ∼ 12kV (c) 400 mbar, ∼ 16.5kV

(d) 500 mbar, ∼ 20kV (e) 600 mbar, ∼ 23kV (f) 700 mbar, ∼ 24.5kV

(g) 800 mbar, ∼ 25kV (h) 900 mbar, ∼ 28kV (i) 1000 mbar, ∼ 30kV

Figure 6.9: The evolution of discharge optical emission for AC (50 Hz) powered streamers in
CO2. Vertical lines represent the boundaries of the experimental rod.
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From the morphology of the discharge, it can be seen that streamers propagate
only in one direction. The images, corresponding to the top or the bottom electrode
being charged positively, are symmetrical to each other, with discharges propagating
in the upwards or the downwards direction. For the purpose of presenting diverse
results, positive streamers propagating upwards, (i.e. bottom electrode being the positive
electrode), are presented here. Similar to the discharges observed in air, surface streamers
in CO2 propagate further for lower pressures, which can be attributed to the quenching
of the emitting states [Pan15], and the logically lower electron mean free path at higher
pressures of the surrounding gas.

Streamer diameters for the case of discharges in CO2 could be determined in a similar
way as those in ambient air. For a pressure of 100 mbar the corresponding diameters
turned out to be in the range of (2 - 4) mm. The discrepancy again comes from the
quality of the obtained images, as well as the differences in diameter values for various
streamer channels. The obtained value corresponds to the one reported by M. Seeger et
al. [See16], who described that streamer radii for discharges in CO2 scale inversely with
pressure. For 100 mbar they obtained a value of 2.6 mm for a cathode-directed streamer.

6.3.2 Discussion

As described above, the morphology of streamers initiated by AC 50 Hz high voltage, is
rather complicated. Several possible ways of explaining the observed images are presented
below.

• The process of discharge development can be described as follows. A free
electron in the high-field region is accelerated along the field line towards the anode,
creating an electron avalanche. As the avalanche approaches the dielectric surface,
the local field-enhancement becomes high enough for a positive streamer to start
propagating. Hence a positive streamer emerges and propagates towards the cathode.
Negative charges are concentrated in the ‘‘tail’’ of the streamer, charging the surface.

Figure 6.10: Photograph of a discharge chan-
nel on the dielectric surface from the top (copla-
nar discharge arrangement, cathode left, 2
mm electrode diameter and distance, dielectric
Teflon, ambient conditions, exposure time 200
ns). Image obtained from [Hul02].

As electrons cannot stick to the sur-
face repelled by this negative charge,
they stay above the surface in the
high E-field region, and start mov-
ing towards the anode. If the field
is high enough negative streamers
are formed. Similar discharge behav-
ior is described in [Gib12, Hul02] for
coplanar discharge arrangement. A
coplanar discharge is realized by one
or several pairs of parallel electrodes
embedded in a dielectric near a sur-
face, which results in a discharge on
the surface of the dielectric, similar

to the discharges described in this thesis. An example of an integral image of the
coplanar discharge, obtained by [Hul02] is presented in figure 6.10. The discharges
originating in such a configuration are described as cathode-directed streamers
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and anode-directed streamers. Gibalov et al. [Gib12] also demonstrate a two-
dimensional numerical model of the discharge, calculating the temporal behavior of
the electric field distribution in the discharge gap simultaneously with the dynamics
of charged particles. The model confirms a proposed ‘positive streamer-negative
streamer’ configuration.

• Discharge develops similar to the previous case, however, a glow corona is
formed instead of a negative streamer due to overlapping of avalanches. This
situation is possible for the case of lower electric field values. A ‘‘double-headed’’
discharge is also observed in this case.

• A special case of the situation described above would be a leader discharge in the
area corresponding to the 4-mm electrode gap with positive and negative streamer
coronas emerging from the tips of the leader. The major difference between leader
and streamer channels is the thermodynamic condition, i.e. the leader channel
is characterized by higher temperature of the gas molecules [Gal02, Baz07]. The
temperatures of discharge channel were not investigated within the course of the
current research, therefore, this hypothesis could not be verified.

• The process starts as in the two cases above, but as the field-enhancement caused
by the electron avalanche becomes significant, only positive streamers emerge from
the near-surface region. These positive streamers propagate in all directions, i.e.
there will be streamers moving along the field lines in both positive and negative
directions in relation to the applied electric stress. The latter will be obviously
slower, resulting in more ionization events per unit time per unit length, hence,
emission from discharges propagating against the direction of the field lines, will be
brighter. Moreover, these streamers will be presumably more diffused, since their
propagation will be independent of the direction of the field lines. An argument
against this hypothesis is that in the observed images no streamers propagate
perpendicular to the field lines, whereas positive streamers would propagate in all
directions. It is, however, possible, that some surface charges remain on or near a
dielectric from the preceding discharge of an opposite polarity of the AC half-cycle.
In this case, the pre-charging provides a non-electrically neutral area, supporting
positive streamer propagation in the otherwise impossible direction. Very little
is known about memory effects of charges on a dielectric surface. For bulk gas
it has been observed [Nij14a] that after a time of ≈ 10 ms streamers propagate
completely independently from previous discharges (experiments were performed
in artificial air at 133 mbar pressure). For the case of a dielectric surface, this
time-scale is expected to be much longer.

Another process, that might be responsible for the propagation of a positive
streamer in the direction opposite the direction of the field lines, is photoionization.
In air, photoionization is the main and determining source of electrons for the
propagation of a positive streamer. As described in Chapter 2, photoionization is
an unlikely source of electrons for streamers, propagating in molecular/noble gases,
moreover, the data on photoionization mainly exists for artificial air (or other N2

- O2 mixtures). The data on photoionization in CO2 or mixtures of CO2 with
other gases is hardly available in literature. S. Pancheshnyi [Pan15] analyzes the
experimental data obtained by Przybylski [Prz58] and Teich [Tei67] and presents
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the simulation results in terms of two important parameters:

1) ψ
p - where p is the gas pressure, ψ - the photoionization rate function,

and

2) ω
αeff

- the efficiency of ionizing radiation generation in a discharge, with ω -
the excitation coefficient of the emitting states, defined as the number of excitations
per unit distance of electron drift, and αeff - the effective ionization coefficient.

According to [Pan15], the value of parameter ψ
p for air at pr ∼ 10 cm×torr

(with r being the distance between the source and the collector of electrons in
the experiments), amounted to ∼ (10−5 − 10−3) (sr cm torr)-1; for CO2 the
corresponding value amounted to ∼ (10−8 − 10−7) (sr cm torr)-1. As can be seen,
the value of the photoionization function for CO2 is ∼ 3-5 orders of magnitude
lower than the value in air. Consequently, it is not expected that the process
of photoionization will play a significant role during the discharge propagation
in CO2. As mentioned in Section 2.2.2, in air the mean free path of a photon
under atmospheric conditions can be as large as 1.3 mm; therefore electrons can be
created in front of the streamer propagating in the direction opposite the direction
of the field lines; in CO2 this situation is very unlikely. The streamers will mainly
follow the direction of the field lines, no ‘‘2-sided’’ streamers should be observed.
This hypothesis is confirmed by the obtained images, where discharges in CO2

propagate only in one direction.

• Another possible explanation is: positive streamers, propagating in a constantly
increasing critical area. As described in the previous chapter, the values of streamer
integral K for discharges in air and CO2 are higher than the expected value of 10.
The higher values were attributed to the statistical time-lag of the first electron;
to increase the probability of the presence of a first electron, in the performed
experiments we increased the size of the critical region by increasing the applied
voltage. Consequently, the geometrical area, where K ≥ 10 was increased. This
can result in a situation where a first streamer discharge originates at a smaller
voltage and propagates in a small critical region. Due to the fact, that the voltage is
increased, the critical area increases as well, meaning that the consecutive streamer
propagates in a larger area than the first one.

6.3.3 Comparison with the model

As described in Section 6.1.3, a streamer propagation model predicts how far a discharge
can propagate. A typical outcome of the model is presented in figure 6.11. The dark red
color represents the region where the streamer discharge can propagate, i.e. where the
condition of the equation 6.2 is satisfied.

The relation
zmax(Condition)− zmin(Condition), (6.4)

where Condition implies equation 6.2, and z is the coordinate along the z-axis - the
axis along the surface of the sample, provides in that case the maximum length the
discharge can propagate in both directions; this was the value that was compared with
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Figure 6.11: A result of the calculation of the streamer propagation model. Blue color
represents the areas where streamers cannot propagate, while dark-red color represents the
area that an incepted positive streamer can reach. The thin line of the transition colors is
present due to the mesh definition. Light-blue lines represent the outline of the dielectric rod
and embedded metal electrodes. The image was obtained for following conditions: gas - air,
pressure - 800 mbar, applied voltage - 27 kV.

the experimentally obtained values of discharge length. The results of the comparison are
presented in figure 6.12. It has to be mentioned, that the model predicts slightly different
values for different coordinates of the discharge inception. Two important situations are
presented:

• Streamer starting exactly in the middle of the surface area corresponding to the
4-mm gap between the electrodes.

• Streamer starting at the geometrical location of the maximum of the streamer
inception integral (2.4) (usually 1-2 mm closer to the HV electrode).

It can be seen that the values for the streamer length obtained experimentally and with
the help of the model, correlate well. The values predicted by the model are logically
higher for the situation of the discharge starting at the point corresponding to the
maximum of the streamer criterion, since in that case the streamer travels longer through
the area of the high electric field. Figure 6.13 shows the distribution of the electric
field and the values of the streamer integral along the surface of the sample. It can be
seen that if a streamer starts at a point with the coordinate of a maximum of φ, the
first several millimeters of its path are within the high E-field region, which allows it to
propagate further. The streamer length, corresponding to this starting point can be seen
as a maximum streamer length. Moreover, the model predicts the maximum length for
the given conditions (pressure-voltage-coordinate of the streamer initiation), however
the sensitivity of the camera is possibly not high enough to see a very weak streamer at
the point of quenching.
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Figure 6.12: A comparison of the theoretically predicted and the measured values of the
surface streamer length in air.

Another important remark is that the model does not take the surface effects into
account. In terms of contributing electrons to the discharge, a surface can be a source
of two important processes, possibly cancelling each other: photoemission and electron
attachment to the surface. The latter is especially important at the early stages of the
avalanche, when electron energies are low - electrons stick to the surface and are, thus,
removed from the avalanche. Contrary to that effect, photoemission provides additional
electrons to the avalanche. Jorgenson et al. [Jor03] have shown that the overall effect
of the presence of the surface will be dominated by electron removal by the surface:
in their simulations approximately 6% of electrons added by collision are removed by
the surface. They mention, that if the process is initiated with too few electrons in
the system, the dielectric surface attaches all of them and no breakdown occurs. The
streamer propagation model implemented here, might give higher results than those,
observed experimentally, due to this effect of surface attachment of free electrons.

The described streamer propagation model predicts the maximum length of prop-
agation of positive streamers. As discussed in Section 6.3.2, the observed discharges
in ambient can also have a negative streamer or negative glow component. As can be
seen in figure 6.9, discharges in CO2 propagate only in one direction. Consequently,
streamer propagation model should describe the results obtained in CO2 better than
those in air. The comparison of the experimentally measured values of streamer length
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Figure 6.13: Distribution of the electric field and the value of streamer inception integral
along the surface of the sample for the case of air at 800 mbar, and the voltage of 27 kV. x-axis
represents the coordinate along the surface, where 0 is the point at the grounded electrode, and
200 - the point at the high voltage electrode.

with those predicted by the streamer propagation model was performed following a
similar procedure as in air. Streamer stability field used for calculations was 10 kV/cm
[See16]. The resulting comparison is presented in figure 6.14. As expected, there is a
good agreement between the model predictions and the experimentally measured values
for discharges in CO2. The values obtained by the model for the case of a streamer
starting at a point of Kmax represent the maximum values of the length, whereas the
values, corresponding to streamer inception in the middle of the rod give the average
values of the propagation length. Due to the fact that in the obtained images intensity
of background inhomogeneities is comparable with intensity of the weakest parts of the
observed streamers - the point of quenching is not always obvious; consequently the
‘‘positive’’ error bars are usually larger than the ‘‘negative’’ ones.

It is clear that the model describes the results, obtained for discharges in CO2 better
than those in air. This could happen for two possible reasons:

• As was already mentioned, the model does not take surface effects into account:
photon-induced electron emission from the surface and trapping of the electrons
by the surface are not included in the calculations. It has been shown that in air
the process of electrons sticking to the surface is more efficient than the process of
photoemission. In CO2 these two effects might be compensating each other.

• Another hypothesis is that in electronegative CO2 the effects of the surface do not
play a significant role in discharge propagation, since electrons will interact with
the gas before any interaction with a surface can take place.
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Figure 6.14: A comparison of the theoretically predicted and measured values of the surface
streamer length in CO2.

6.4 Streamers generated with pulsed voltage

6.4.1 Experimental results

The overview of a typical experiment with pulsed voltage is presented in figure 6.15.
The dashed line represents the signal coming from the camera to signify that the camera
gate was opened. Several details should be mentioned here. The voltage pulse exhibits
a small (around 1 kV) drop at the point of discharge inception; this voltage drop is
related to the discharge activity itself. However, the HV generator was initially powered
from the 230V power socket, which means it could only deliver currents of a fraction
of an ampere. The typical values of the current during the experiments were in the
order of several Amps, therefore, the power supply could not provide it, leading to a
significant voltage drop, following the streamer current, and corresponding to it negative
displacement current in the circuit. Due to the fact that the duration of the streamer
current was around (150 - 200) ns, the voltage drop was only observed after the discharge
activity took place, not disturbing the measurements. The reason for the oscillations of
the current is the resonance frequency of the experimental set-up (∼150 MHz), which
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has a stronger character for discharges under pulsed voltage, since the currents are much
higher in this case, due to overvoltage (see Chapter 3 for a more detailed explanation
and Section 5.3.4 for an example).

Figure 6.15: An overview of a typical experiment with the pulsed voltage supply. An experiment
in nitrogen at 200 mbar gas pressure. The solid blue line represents the voltage signal, the
dashed blue line represents the period when the camera gate was open. The inlet demonstrates
an integral picture of the discharge, taken during the opening time of the camera.

An example of an integral image of a discharge in nitrogen is presented in figure 6.16.
The image was artificially colored, the used colormap is also demonstrated. From the
integral image of the discharge, it can be seen that the discharges really propagate
along the rod - the increased intensity as compared to discharge propagation under AC
voltage supply allows to observe the streamers propagate further; their traces can be
seen following the contours of the dielectric sample rather than detaching from the rod.

Figure 6.16: An integral image of the surface flashover for nitrogen at 200 mbar pressure.
The image was artificially colored, the top of the colormap corresponds to the brightest areas.
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Due to the fact that the camera could be synchronized with the voltage pulse, time-
resolved imaging of discharge processes was possible. For that purpose, the gate of
the camera was set to stay open for 3 nanoseconds. During the experiments the exact
moment of discharge ignition with respect to the beginning of the voltage pulse was
jittering. Consequently, it was necessary to perform the experiments multiple times,
until different stages of the discharge were captured by the camera. The example of the
camera sequence can be seen in figure 6.17. The colored lines on the image represent the
borders of the visibility area - the circular window of the vessel, and the outline of the
dielectric rod.

6.4.2 Velocity estimation

Sequences of images, similar to the ones presented in figure 6.17 could be used to estimate
the distance of streamer propagation along the dielectric surface, when combined with
the data of the gate-opening of the camera. The distances travelled by the discharge
were always measured from the estimated location of the center point of the rod.

To compare streamer velocities, experiments were performed in nitrogen and air
environment. The results of the measurements are presented in figure 6.18.

Due to the fact that during the experiments the top electrode was powered with
the high voltage - (positive) streamers propagating in the direction of the field lines are
the downward streamers in figure 6.18. Downward streamers propagate further and
are moving faster than streamers moving upwards. It can also be seen that while the
streamers still propagate in the high E-field region, their propagation velocity is much
higher than in the low E-field region - the average propagation velocities for the first stage
and the last stage of propagation are also presented in figure 6.18. Streamer velocities,
corresponding to the first stage of the discharge propagation (∼ 2 mm) are rather high
as compared to the results obtained by other researchers for discharges propagating
on dielectric surfaces, and even more so in comparison with discharges in bulk gases.
We attribute the high initial velocities to the fact, that experiments with the pulsed
voltage supply were performed under overvoltage conditions, resulting in the high values
of electric fields. The distribution of the electric field along the dielectric sample, at
a vertical cross-section corresponding to the thinnest dielectric layer (2 mm thick), is
presented in figure 6.19. It can be seen that the electric field, corresponding to the first
stage of streamer propagation can be as high as ∼ 3 kV/mm (at a pressure of 200 mbar),
which is much higher than electric fields discussed in the introduction to this chapter. As
outside the ∼ 4 mm area of very high electric field, streamer propagates in the field that
decreases rapidly, the velocity of streamer propagation drastically decreases. Therefore,
figure 6.18 represents two possible fits for velocity of (positive) streamers propagating
downwards in the direction of the field lines. Outside the area of the very high fields, i.e.
after the discharge has travelled > 2 mm, the field reduces to ∼ 0.5 kV/mm and the
corresponding velocity observed in air - to 0.03 mm/ns. This value is comparable with
the values obtained by the previous researchers (see Section 6.1.2 figure 6.1).

As discussed in Section 6.1.2, lower photon energies are required for photoemission
from the dielectric material, as compared with photoionization in air (< 9 eV and ∼ 12 eV
respectively). In air, the typical length of photoionization is described by equation 2.21
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Figure 6.17: The process of discharge propagation in nitrogen at 100 mbar (applied voltage
∼ 13kV ). The time values indicate the amount of time from the start of the current till the
closing of the gate of the camera.
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Figure 6.18: Maximum distance of streamer propagation for discharges initiated with pulsed
voltage in nitrogen and air. Pressure of the surrounding gas - 200 mbar. The gate of the camera
was open for 3 ns. The time axis represents the time difference between the start of the current
signal and the closing of the camera gate.
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Figure 6.19: Distribution of the electric field along the surface of the sample. The x axis
represents the coordinate along the surface, where 0 corresponds to the point of contact with the
grounded electrode and 200 - to the point of contact with high voltage electrode. The present
distribution was obtained for the following conditions: gas - air, pressure - 200 mbar, voltage
pulse amplitude - 23 kV.

(∼ 6.5 mm for a pressure of 200 mbar). In nitrogen, however, photoionization cannot
be a source of free electrons, and the process has to be guided by photoemission effects.
It is possible, that photoemission can produce free electrons further from the streamer
head, because it requires lower photon energies to produce an electron than the process
of photoionization. This will result in an increase in the streamer propagation velocity
in nitrogen as compared to air.

6.5 Conclusions

We have investigated the parameters of streamer propagation along a dielectric surface
for two types of surface discharges: AC-powered streamers and streamers generated
with pulsed voltages. The results of the experiments with the AC voltage supply were
compared with the predictions of a streamer propagation model. The model is based
on the assumption that a streamer is propagating until its internal field exceeds the
streamer stability field. The results of the experiments with pulsed voltage were used
to estimate the velocities of surface streamers. The following conclusions can be drawn
from these investigations.

• The results of the streamer propagation model predicting the streamer length for
the given conditions, have been validated. It has been shown that the model
estimates the maximum propagation length of surface discharges.

• The streamer propagation model only accounts for the presence of a dielectric in the
system by means of the electric field modification; it does not take into account the
emission or absorption of free electrons by the surface. It has been demonstrated
that these effects can play a role in the process of discharge propagation. The
importance of the surface effects can be attributed to the photoemission-electron
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absorption balance in the system. In air, the surface will trap the electrons, this
process will be more effective than the photoemission. Photoemission can, however,
play a very important role in discharge propagation along the dielectric surface, as
demonstrated in [Dub16]. Consequently, not taking surface effects into account
can significantly influence the obtained results.
According to the measurements, the maximum streamer length predicted by the
streamer propagation model for discharges in CO2, fits the experimentally observed
values very well. We attribute this result to the fact, that in electronegative CO2

electron attachment to gas molecules is a determining factor, consequently, the
role of the surface is less important, which results in a better agreement with the
model. Another possible explanation is that for the case of CO2 the effects of
photoemission and electron absorption by the surface are compensating each other.

• Surface discharge velocities have been estimated. It has been shown that in the
case of electrodeless inception, electric fields required for streamer inception are
so high, that when the discharge is initiated, - it propagates with velocities much
higher than those previously observed in a lower field region.

• Once the streamer reaches the region of lower electric fields, the velocities are
comparable with those obtained by other researchers for the case of discharges
propagating along dielectric surfaces.

• It has been demonstrated that discharges in nitrogen propagate slightly faster than
discharges in ambient air (for the region of high electric fields (∼ 4 vs. ∼ 3) mm/ns
for velocities in nitrogen and air respectively). One possible explanation for this
result is the different length scale of the processes of photoionization (responsible
for discharge propagation in air) and photoemission (responsible for discharge
propagation in nitrogen).





CHAPTER 7

SECONDARY ELECTRON EMISSION DUE TO
ELECTRON IMPACT

When charged particles impact the surface of a solid material, they can
be backscattered from that surface or cause secondary electrons to be
emitted. The ratio of the number of emitted electrons (secondary and
backscattered) to the incident electrons number is known as the total
electron emission yield. Knowledge of this total electron emission yield
(TEEY) is highly required in various modern technologies. For the
process of streamer propagation electron emission can be important
for two main reasons:

• The emitted electrons influence the streamer dynamics.

• The residual surface charge after electron emission might influ-
ence the electric field distribution.

Several experimental techniques were developed with the purpose of
secondary electron emission (SEE) yield determination. However,
experimental data, obtained with different methods are not in good
agreement and sometimes are even contradictive. The purpose of this
chapter is to review the existing experimental methods of investigating
electron emission (EE) from dielectric surfaces, as well as to analyze
their accuracy and reliability. The focus is on the process of emission
from thick layers of insulators which is the case for modern high voltage
technologies.
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The analysis presented in this chapter was published in the IEEE Trans-
actions on Dielectrics and Electrical Insulation (Volume:21, Issue:5),
October, 2014 under the title ‘‘Experimental investigation of electron
emission from dielectric surfaces due to primary electron beam: a
review’’ [Chv14]. The above paper and the current chapter present the
description of the currently existing methods for measuring secondary
electron emission and the evaluation of their reliability. Based on
that extensive literature research the conclusion was made that for the
processes discussed in the rest of this thesis the secondary electron
emission will not play a significant role. The energies of electrons pro-
duced by a streamer discharge will not be sufficient to cause emission
from the surface. Hence secondary electron emission due to electron
impact on the surface (further referred to as SEE) can be neglected as
compared to photon-induced electron emission.
Furthermore, the surface layer will become highly contaminated, thus
it is impossible to estimate the influence of the surface treatment on
the emission process. The current chapter presents a comprehensive
analysis of the process of SEE as well as the possibilities of its experi-
mental investigation. Due to the reasons mentioned above and further
elaborated within this chapter, the experimental procedures were not
realized within the scope of this thesis.
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7.1 Introduction

Secondary electron emission from solids bombarded with a beam of primary electrons
attracts continuous attention of the researchers ever since the phenomenon was first
observed in 1902 by Austin and Starke [Aus02]. They discovered that a metal surface
exposed to cathode ray emission released the greater number of electrons than it was
receiving. This proved that secondary electrons were released from the material itself,
rather than simply reflected from the surface.

Not long from the discovery of this effect, electron emission (EE) from dielectrics
started to appear in reports [Bru36, Bru38]. Already then it was clear, that secondary
emission (SE) from insulating materials is much more intense than that from metals.
This increase can be explained by the low or even negative affinity of electrons at the
surface, which allows them to escape easily into vacuum [Caz99, Whe64]. Besides, when
generated secondary electrons propagate through the layer of an insulator, they are not
obstructed by electron-electron interactions [Caz99]. This leads to an increase of their
attenuation lengths up to approximately 100 nm (instead of 10 nm range for metals)
[Caz99, Caz93].

Nowadays processes of electron emission from dielectric surfaces become more and
more important, since they influence and in some cases determine the operation of many
modern devices (field emission display devices [Fak08], crossed-field devices [Shi97], Hall
thrusters [Dun03], scanning electron microscopes [Sei83], and even spacecrafts [Bal12]).

They are also important for high voltage (HV) engineering, since conducting parts
are typically covered with insulating layers. Free electrons, emitted from these insulating
surfaces, can promote surface flashovers, which are the most frequent cause of failure of
high voltage equipment. The initial phase of such surface flashovers consists of streamer
discharges. Energies of electrons originating during the propagation of streamers, are
in the order of 5 eV [Kuf00]. However, only a few investigations on secondary electron
emission were devoted to such low-energy incident electron beams. After streamers
have formed a conductive path the full breakdown can hardly be prevented. Thus, it
is crucially important to understand the processes responsible for the generation and
development of these streamer discharges, SE being one of them.

A review on theoretical investigations on SE was performed by Devooght et al [Dev91].

This chapter gives a review of experimental investigations on electron emission from
dielectric surfaces. The purpose of this review is to analyze different experimental
methods of investigation. The focus is on the emission processes from thick layers of
insulators, since this is usually the case for HV insulation. Thin film emission has a
different physical explanation (mainly occurs due to the establishment of high field
gradients), and can under certain conditions break over into the Malter effect [Mal36],
therefore, it is not discussed here.
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7.2 Experimental methods

Usually, to characterize any surface regarding its ability to yield secondary electrons, a
curve showing the variation of the SE yield with primary electron energy is used. By
the emission yield (or emission ratio) we understand the ratio of the emitted electron
current to the incident electron current [Bru62]. However, for practical reasons it is more
important to know the value of the so-called ‘‘total yield’’, σ:

σ =
Is + Ir
I0

, (7.1)

where Is is the secondary emission current, Ir - the current of primary electrons, backscat-
tered from the surface of the sample, I0 - the primary electron current. A typical total
yield curve is shown in figure 7.1. Important parameters of the curve are: maximum yield
(σm), primary electron energy corresponding to the maximum yield (Em) and primary
electron crossover energies, i.e. the points at which σ = 1 (E1 and E2). It is important
to mention, that some authors measure the total yield without distinguishing between
actual secondary electrons and primary electrons backscattered from the investigated
surface. In this chapter it will be pointed for each author what type of measurements
they performed. Also, care must be taken while analyzing the results, because often
the total yield value σ is given by the name of SEE-yield δ. For the average energies
of primary electrons (approximately between the 2 crossover points) the backscattered
current is usually very small and can be neglected [Pad79]. But not in every reference
experiments were performed to justify this neglection.

Obtaining data for the preparation of a SE curve for any surface requires a) means
for measurement of the energy of bombarding electrons and b) means for measurement
of the current to and from the bombarded surface. Moreover, when a dielectric surface
is used as an emitter, a ‘‘dynamic’’ measurement method must be employed, in which
consideration is given to the charging and discharging of the capacitance between the
front surface of the dielectric and the metal back-plate to the dielectric (base). Another
critical point in all the experiments is achieving the initial neutrality of the target before
each experiment, so no surface or space charge is present, such that no surface-induced
field influences the measurements.

An important problem for secondary emission experiments is the contamination of
the surface. Due to this process, a tarnished layer is formed on the surface of the sample
after exposure to air or other gaseous environment. Thus, emission coefficients are
corresponding not to the material itself, but to this contaminated layer formed on the
surface. To minimize the influence of contamination, experiments need to be performed
under ultrahigh vacuum conditions. Investigated surfaces should also be prepared under
these conditions, and should not be exposed to higher pressure environment. This
paper, however, concentrates on the methods of organizing the experiments in terms of
obtaining data for the yield curve, rather than preparation of the surface. This problem
is mentioned, since it can explain differences in experimental values obtained by different
authors.

A review on the development of the subject up to 1948 can be found in [Mck48].
Analyzing experimental data gained to that point, Mckay comes to the conclusion,
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Figure 7.1: Typical form of a secondary electron yield curve. The circles represent first and
second crossover points. The data presented in this chapter concerns the maximum of the yield
curve and is summarized in Appendix 1.

that photoelectric sensitivity of dielectric layers to visible light has nothing to do with
secondary electron yield, and what is more important - emitted electrons are produced
exactly in the dielectric layer rather than in the metal base. The present review chapter
is focused on the progress made since then.

7.2.1 Collector-based methods

Dynamic methods of measurements started to develop in the 1940-s, and were elaborated
in 1950-s by Heydt [Hey50]. Early methods made use of applying different voltages to
spherical or semi-spherical electron collectors. The experimental set-up used by Heydt is
shown in figure 7.2. The first phase of his method consists of establishing the potential of
the dielectric surface at a known value. When the potential of the surface is known with
respect to the potential of the primary electron source, energies of the primary electrons
as they strike the surface are automatically determined. If the signal plate, the nickel
SE collector, and the primary electron source are connected together through suitable
electrical paths, the current to the signal plate will be identical in magnitude to the net
current leaving the dielectric surface at any moment. However, Heydt emphasized, that
data on a particular surface would be valuable only while comparing with experiments
performed under precisely identical conditions. The method is referred to as ‘‘retarding
potential method’’ and represents the total electron emission yield, since no remarks are
made about distinguishing the backscattered current from the total current measured at
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the collector.

Figure 7.2: Tube used for SEE experiments by Heydt [Hey50].

Later on the method was refined by using short pulses of primary electrons instead
of continuous flow. This allows to achieve more accurate results, since the surface of the
sample is irradiated during shorter periods of time, which means it is less charged after
a single experiment. Johnson [Joh53] used similarly organized set-up, and established
the ratio of secondary to primary current by applying a steady negative or positive
potential to the collector. By means of this potential the current in the target circuit
becomes either the primary electron current or the difference between the secondary
and primary current, so that the EE yield can be established. The positive value of the
collector was set to keep down the effect of charging of the target. When the collector is
positive and σ > 1, the target surface accumulates the positive charge until its potential
approaches that of the collector or even exceeds it a few volts, so that the sum of the
primary current and the secondary current is eventually zero. Before this condition is
reached the secondary current begins to decrease when the target potential passes the
collector potential and the slow SEs cannot reach the collector against the opposing field.
To obtain the initial neutrality of the target it was heated to about 600◦C before each
measurement to relax surface or volume charge by conduction. Magnesium oxide in
the form of single crystals was chosen as the material studied, due to the fact that it
is very inert and refractory, so it can withstand the severe heat treatment in vacuum.
Thicknesses of the samples were from 0.035 to 0.165 cm. Results of experiments at room
temperatures are presented in Table 1 in the Appendix 1 (items 1-3).

The technique was further developed by Whetten [Whe57], who added a large
preamplifier input resistor so that the input RC time constant became much longer
than the primary-current pulse duration. The input signal then corresponds to the
accumulation of charge during the period of the current pulse. When using the large
input resistance a considerable improvement in sensitivity was achieved, and the amount
of charge necessary per measurement was reduced. Whetten used crystals of 1 cm2 in
area, cleaved in air along the (100) plane to a thickness of 0.05 cm immediately before
mounting in the vacuum tube. Experimentally achieved quantities are given in Table
1 (item 4). The maximum yield value in Whetten’s work is approximately 3 times
higher as compared to values of Johnson (item 1 (σ = 7) and item 4 (σ ≈ 24) in Table
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1 respectively). That is probably due to different methods of neutralizing the surface
before each measurement. For that purpose Whetten used a thermionic emitting filament
located near the collector surface. Electrons from the filament lower the target surface
potential to the lowest potential of the filament. The importance of neutralization of
the surface is very well illustrated by this example. Surface charging inevitably takes
place when secondary electrons leave the dielectric. Due to this process subsequent
measurements are performed with the surface possessing less electrons at the initial
conditions, and thus a decrease in SE yields [Suh06b]. Table 1 provides several sets of
data for MgO, obtained using different experimental techniques. Apart from already
discussed works of Johnson and Whetten, values obtained by Suharyanto et al [Suh06b]
in 2006 are presented (items 29 and 30 in Table 1). They also used the collector-based
method, paying attention to the low SEE yields of the secondary current detector.
Suharyanto estimated the surface charging and recovery time constants, experiments
were performed by observing the decrease of SEE due to charging of the surface after
several subsequent pulses. The yield values obtained in such a way are comparable
with those obtained by Johnson. This confirms the need of neutralization of the surface
not only by means of surface potential, but by replacing the missing (emitted) charges
(see also section 7.2.3, two techniques of surface neutralization). More data on surface
charging can be found, for example in [Bou04, Caz91].

Another reason for the difference in results for the same material under similar
experimental conditions can be the different condition of the emitting surface, since
process of electron emission highly depends on the roughness and cleanliness of the
material [Suh06a, Hos07].

Whetten also performed experiments on some alkali halide materials using similar
technique [Whe64]. In this case the hemispherical grid was mounted between the alkali
halide crystal and the collector to prevent SEs formed at the collector surface from
returning to the target, causing false current. Crystals under investigation were cleaved
along (100) face to 1 mm thickness. The pressure during the experiments was kept at
1.3 · 10−8 Pa (10−10 Torr) or less. Data obtained for observed materials before and after
cleavage at high vacuum are presented in Table 1 (items 20-26). Alkali halides appear to
have rather high EE yields, which can be explained by their wide band gap and generally
low electron affinity.

Data for different types of dielectrics with the collector method, described above, were
achieved by Dawson [Daw66]. The targets were ceramic disks 1 to 2 cm2 in area and 0.5
to 2 mm thick. The pressure during yield measurements was kept around 2.7 · 10−7 Pa
(2·10−9 Torr). For neutralizing the surface heat treatments at 1000◦C for 30 minutes,
followed by cooling, were made. The results, presented at Table 1 (items 5-13), are
for following ceramic materials: OW102 and OW137 - alumina forsterites (OW137 also
contains a fraction of a percent of baria), OW133 and OW133K are magnesia spinnels
(OW133K contains 1 to 2 % calcia), hot-pressed boron nitride, Lucalox alumina (original
and polished).

Dionne [Dio75] performed experiments for low energies of primary electrons (starting
at ≈ 10 eV). Dielectrics used were Si and SiO2 (items 14 and 15 in Table 1 respectively),
since an oxide layer is always present on Si after exposure to air. The experimental
technique employed was a straightforward application of the retarding potential method,
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with a grounded collector and a primary electron beam energy of 1050 eV. The yield
curve was determined by varying the potential on the target between -50 and -1050 V.
With this simple circuit, SE yield is the ratio of the target current (determined from a
meter placed between the target and ground) to the sum of the target current and the
fixed primary electron beam current (predetermined from a Faraday cup measurement).

Investigations regarding the electron yield of dielectric materials mainly are concen-
trated in determining the position of the maximum of the yield curve. Experiments for
low energies of primary beams are very rare, one of the examples of such investigations
regards SEE from dielectric materials of a Hall thruster [Dun03]. The method used was
a straightforward collector method, energies of the primary beam were in a range of ≈
(10-100) eV, and materials under investigation were boron nitride and quartz. It was
found, that total yield can reach the value of 1 already at energies of primary electrons
about 25 eV. Moreover, the role of backscattered electrons increases with decrease of
primary energies, and the yield of actual secondary electrons reaches zero at energy of
about the width of the potential gap between vacuum and the upper level of valence
band [Dun03].

7.2.2 Measuring by means of positive and negative biasing of
the sample

In more recent reports EE yield is determined without using the collector, but by
measuring the sample current after biasing the sample in two separate experiments.
In the first measurement, positive voltage is applied to force all emitted electrons to
return to the surface. Subsequently, the sample is biased at negative voltage to repel
all SEs from the surface. The difference in sample current measured under these two
circumstances is taken as the emission. The main disadvantage of the method lies in the
possible underestimation of the incident current. When applying the positive voltage
to the sample, secondary emitted electrons are naturally attracted back to the surface,
as they are low-energetic. However, energies of backscattered electrons are confined
in (Ep < Ebs < Ep + qVs), where Ep is the energy of primary beam electrons, Ebs
represents the energy of backscattered electrons, Vs is the biasing voltage. Consequently,
backscattered electrons will not be taken into account when measuring the primary
current, which may lead to significant underestimation of its value. Therefore the method
must be implemented with caution; only in the cases when backscattered current is
negligible compared to the secondary current. The use of the technique was demonstrated
by Padamsee [Pad79] for thin layers of insulators, where the backscattered currents were
less than 2% of the ‘‘true’’ secondary current, and later it was implemented by Shih
for investigation of SEE from diamond surfaces [Shi97]. Diamond and doped diamond
attracted the attention of researchers, since it was indicated that diamond is potentially
a stable electron emitter, when operated in a hydrogen environment [Bek92, Mea94]. In
[Shi97] diamond samples were grown to a thickness of (0.01 - 0.02) cm and doped with
Boron or Nitrogen. Boron is a shallow-acceptor in diamond. Therefore, the B-doped
samples were conductive, and are not discussed here. Nitrogen, on the other hand, is a
deep donor in diamond, so the N-doped sample was an insulator at room temperature.
For performing the secondary yield measurements, the samples were inserted into an
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ultra-high vacuum chamber and mounted on a stainless steel support. Sample currents
were monitored using a Keithley 427 current amplifier. The sample was first biased by
positive voltage, which forced the emitted SEs to return to the sample. Consequently,
the sample current measured was the primary electron current I0. Then the sample was
biased by -72 V, which repels the secondary electrons from the sample, so the measured
current becomes Inet = Is − I0, where Is is the current of all emitted electrons. The
yield coefficient was defined to be the ratio of Is to I0. The value for N-doped diamond
is presented in Table 1 (item 16). The same technique was used by Yater and Shih for
measuring SEE from different diamond-based surfaces [Yat00], results are not presented
here, as surfaces were represented either by thin films or by p-type semiconductors.

7.2.3 Indirect methods

Another way of measuring the emission yield value is to indirectly deduce it from the
measurement of the trapped charge. The indirect methods seem to be more accurate,
because of the difficulty of designing a collector that captures all the emitted electrons.
A technique for accurate determination of SE yield from insulating films (for thicknesses
in the order of µm) was proposed by Yong [Yon98]. Electron emission due to low-keV
pulsed electron irradiation is derived based on the measurement of the charge in the
substrate. Backscattered electrons (BSE) are not taken into account, however, in this
case BSE yield from insulators does not vary appreciably with primary electron energy
and SEs are mainly responsible for electron emission [Lye57]. Due to this reason, results
are presented in Table 1 by means of total yield, which in this case also represents the
true SEE-yield. The principle of operation of the method is as follows: when the total
amount of electrons emitted from the dielectric surface exceeds the primary electron
dosage, positive surface charge is generated. Conversely, negative charging with a net
accumulation of electrons on the surface of the specimen occurs when the total electron
emission is less than the primary electron dosage. At the instance when charges are
generated or accumulated, an equal and opposite electron charge Qs will be induced in
the substrate as defined by:

|Qs| = |QT | − |QP | (7.2)

for positive charging, and

|Qs| = |QP | − |QT | (7.3)

for negative charging, where QP and QT are the primary electron charge injected and
the total electron charge emitted. Based on these equations the total charge emitted can
be determined. For the case that the BSE yield is known, the SE yield can be defined as

δ =
QSE
QP

=
QT −QBSE

QP
(7.4)

where QSE and QBSE are secondary and backscattered electron charge, respectively.
The experimental setup consisted of a concentric extraction grid positively biased at 100
V to prevent low energy SEs from returning to the specimen. The extraction grid and the
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specimen were placed inside a SEM operated at a vacuum level of 2.7 · 10−3 Pa (2 · 10−5

Torr). The scanning area of the SEM was adjusted to 1.2 mm2 in order to average out
local variations in SE emission and the beam is defocused to prevent significant localized
surface charging. The primary electron charge QP is first measured using a Faraday cup
connected to a Keithley electrometer. Each specimen location is irradiated five times
and after each irradiation, the SEM stage position is adjusted so that the electron beam
is directed at a different location. Experimental results are presented at Table 1 (items
17, 18 and 19), SE yields were measured for AZ1350J photoresist, SiO2 wet (thermal
oxidation) and SiO2 sputtered (physical vapor deposition).

The same technique was used by Thome [Tho04] and Jbara [Jba08] for investigation
of the evolution of electrical properties of dielectric surfaces under electron bombardment.
The study was devoted to electrical charging of the surfaces, therefore, results are not
presented here.

One of the latest techniques to measure the trapped charge, and therefore, the electron
emission yield, directly at an irradiated surface implies the use of a high sensitivity
Kelvin probe. Full descriptions of Kelvin probe method operation can be found in
[Dan72, Bai91, Bas98]. Here we give the main principles of using the method for EE
yield measurements, which were employed by Belhaj [Bel09b]. The insulating surface is
irradiated with an electron pulse of a current density j. The induced net trapped charge
Qt at the surface and inside the sample can be expressed as

Qt =

∫
pulse

(1− σ) jSdt, (7.5)

where S is the irradiated surface area. Assuming that σ remains constant during the
pulse (low incident charge per pulse is used) the total electron yield can be deduced
using the following relation:

σ = 1− Qt
Qi
, (7.6)

where

Qi =

∫
pulse

jSdt (7.7)

is the incident charge. The above relation is valid assuming that the leakage current is
negligible and the incident electrons range is smaller than the sample thickness. The
trapped charge induces a variation ∆VS on the surface potential, VS , of the sample. If
∆VS can be measured, the trapped charge can be deduced as

Qt = C∆VS , (7.8)

where C is the capacitance of the sample which can be either measured or calculated.
When the sample surface is irradiated with a widely defocused and homogeneous electron
beam so that S is much larger than the sample thickness l, the capacitance is given by
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C =
εrε0S

l
, (7.9)

where ε0 and εr are, respectively, the dielectric constant of the vacuum and the relative
dielectric constant of the sample.

The set-up used for experiments with the Kelvin probe in references [Bel09b, Bel09a,
Bal12] allowed performing the measurements either with classical collector method or
with a newly designed Kelvin Probe-based method. The system was maintained at a
vacuum level of 5 · 10−6 Pa. The specimen and the collector surface could be biased
independently to a chosen potential. The primary beam current and incident charge
fluence Qi during a pulse were calibrated prior to the sample irradiation using a Faraday
cup connected to a Keithley 6485 electrometer. To cancel the surface potential change
∆VS = ∆Q/C and to restore the initial-set surface potential value between two successive
measurement pulses, two procedures can be used:

• Biasing the sample holder, until the sample voltage returns to its initial value;

• Irradiating the sample with very low fluence electron pulses until ∆VS returns
to zero. In contrast to the first procedure, here the trapped charge is really
compensated with the injection of charges with opposite sign.

Experiments were performed on a polycrystalline MgO (2 mm thick and 20 mm in
diameter) [Bel09a] to check which of the two methods is more reliable. First, the initial
value of σ for 200 eV primary electron beam was measured, which turned out to be
around 3.4. Consequently, the curves, showing the dependence of yield coefficient from
the electron pulse number, and thus, from the value of trapped charge, were obtained.
Although in both cases the electrons were emitted from surfaces that have the same
surface potentials, the results obtained with the two procedures are very different. With
procedure 1 a rapid decrease in σ from its nominal value to one is observed. However,
using procedure 2, σ remains nearly constant, which proves the validity of the second
method of neutralization. Results for MgO are not presented in Table 1, since no data
were obtained regarding the complete yield curve, all experiments were held for constant
value of primary electron beam.

7.3 Electron emission from polymers

Organic materials became of particular interest regarding electron emission in the early
1960-s due to the fact that they are very strong dielectrics and are widely used for
insulation purposes as well as in scanning electron microscopes [Kis77, Kis90]. Most
of the experimental techniques used for this purpose, are similar to those described
above, but for organic materials the samples under investigation are commonly thin
films (several µm). For this reason, results are not of particular interest of this work.
However, it is important to mention another technique that was tested only on organic
compounds, but can be used to study any insulating materials.



94 Chapter 7. Secondary electron emission due to electron impact

Gross and von Seggern proposed a dynamic method of measuring, which avoids the
need for a separately biased collector electrode and allows one to measure the entire
emission curve above the first crossover point (see figure 7.1) with the use of only two
beam energies: one for the region of positive charging and another one for that of negative
charging [Gro84, Gro87, Seg85]. Schematic diagram of the currents and voltages for
irradiated dielectrics in their set of experiments is presented in figure 7.3.

Figure 7.3: Basic current and voltage measuring diagram for the irradiated sample in experi-
ments of Gross [Gro84, Gro87, Seg85]. Ib - beam current, Ir - electron emission current, I -
measuring current, V0 - rear bias voltage, Vs - surface potential.

The transmission current is

I = Ib − Ir, (7.10)

where Ib represents a beam current, Ir is the electron emission current, and I - the
measuring current. The total emission yield is defined, as usual, by the following equation:

σ = −Ir
Ib
, (7.11)

where the negative sign indicates, that Ib and Ir always have different directions.
Equations 7.10 and 7.11 also yield

σ = 1− I

Ib
, (7.12)

that expresses σ in directly measurable quantities.

Furthermore, if Eb is the primary electron beam energy and Vs - the surface potential
of the irradiated area of the sample, the effective energy Eef of the electrons at the
surface of incidence is represented as:
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Eef = Eb + eVs. (7.13)

Two assumptions are made for determining the effective energy: first, the entire charge
q of the sample is considered to reside on or near the surface of incidence; second, the
leakage currents are disregarded. Taking these assumptions into account, Gross comes
to following equations:

Vs = V0 +
q

C
= V0 + ∆Vs, (7.14)

q =

∫ t

0

Idt, (7.15)

where C is the capacitance of the sample. Consequently, the change of the surface
potential occurring during irradiation can be obtained by an integration of the transmitted
current:

∆Vs =
1

C

∫ t

0

Idt. (7.16)

C can be determined by metallizing the free surface of the sample and measuring its
capacitance.

For the section of the emission curve between the two crossover points the sample is
irradiated with a beam energy slightly above the second crossover point. The surface
is biased with a constant negative voltage, so that the effective beam energy is slightly
above the first crossover point. With E1 < Eef < E2 (E1 and E2 are the first and
second crossover energies respectively) the transmitted current is positive and the surface
voltage Vs starts to increase, the effective beam energy Eef also increases. This charging
process proceeds until Eef has reached the second crossover point. Here one has σ = 1
and Ib + Ir = 0, i.e. the transmitted current becomes zero, the effective beam energy
stops its increase and

eVs = − (Eb − E2) . (7.17)

For the region, where σ < 1, the rear electrode is grounded and the surface is
irradiated with a beam energy of Eb > E2. The total yield is lower than 1, thus the
sample charges negatively until Eef decreases to E2, the surface potential reaches the
value eVs = − (Eb − E2), and the current decreases to zero.

The method, however, has some disadvantages. The electrons are emitted from
a surface that contains considerable positive and negative charges from the previous
emission of secondary electrons. Some recombination might occur between the trapped
holes and those electrons which are in the process of being emitted. Thus a fraction of the
electrons which otherwise would be emitted is kept back, and the total emission current is
reduced below the value which would be observed for emission from an uncharged surface.
A change of the method, proposed in 1991 by Gross and Hessel [Gro91] eliminates these
problems. For measurements of σ between E1 and E2 they proposed to bias the sample
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negatively as before, but vary the bias voltage in discrete steps. After each change of
the bias voltage the sample must be irradiated with a short (in this research 2-3 s) pulse
of electrons with energies slightly below E2. After each pulse the sample acquires a
small positive charge: q = C∆Vi, where ∆Vi is the initial voltage of the sample, and
a potential Vi + ∆Vi < 0. To remove the charge the rear electrode is shorted, which
leaves the surface with positive potential ∆Vi > 0, and subsequently irradiated with the
same beam energy as before to compensate the positive surface charge. This improved
method is more complicated than the initial one, but it is still faster and simpler, than
the methods used before, where the primary beam energy had to be adjusted before each
measurement.

7.4 Conclusions

The majority of existing experimental techniques are devoted to the determination of
the maximum total EE yield, as well as to obtaining the TEEY curve. Almost no
attention was paid to the behavior of the energy-yield curve at low energies of primary
electron beams. This knowledge, however, is highly required, due to the fact that in HV
technologies, the amount of electrons near dielectric surfaces is of great importance, since
it determines the process of streamer propagation. When a streamer starts to develop
at the dielectric surface, the number of free electrons can reach 108, and even σ much
lower than 1 can influence further discharge propagation and breakdown. Therefore,
experimental methods must be developed to provide information about critical conditions
leading to detrimental breakdowns in HV technologies.

Analysis of existing methods of investigation provides enough information for identi-
fying a reliable experimental method to quantify electron yields at lower primary electron
energies. Important conclusions that have to be taken into account are:

1. Measurements of EE from dielectric surfaces are difficult, because charge trapping
affects the electron yield itself. To minimize the influence of this effect, primary
electron beam should be pulsed, in order to reduce the time of sample irradiation.

2. For the same reason the surface of the sample must be neutralized before each
experiment to achieve proper initial conditions. Several methods were proposed
to provide this neutralization. The most obvious one - heating the surface to
provide neutralization by means of convection - can be used only for very refractory
materials, besides, the method provides no information about the actual charge
of the surface. Another method - to bias the sample with a voltage of a value
that corresponds to the value of trapped charge - is not reliable due to the fact
that it does not provide the same amount of charges inside the dielectric after
each irradiation. This means that the initial conditions are not restored. The
most accurate way is irradiating the surface with a low energy electron beam,
allowing recombination of electrons with holes representing the trapped charge
inside. Energies of primary electrons must be chosen carefully not to cause SEE,
and measuring of surface potential must be involved.
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3. Methods, providing information about EE yield based on collector current measure-
ments, should be implemented with caution, since they depend highly on the shape
of the collector and its ability to catch all the emitted and backscattered particles.

4. Surface potential methods, described in Section 7.2.2, do not take into account
backscattered electrons, even during measurements of the primary current, which
can cause significant errors, especially in the range of low energies of primary
electron beam.

5. Measuring the yield curve with one single experiment, discussed in Section 7.3, is
not applicable for low-energetic primaries, since it only allows to find values of
EE-yield for the energies of primary electrons above the first crossover energy.

6. Thus, the most optimal choice appears to be a Kelvin probe - based method. It
provides accurate information about charging of the surface, allowing to restore
experimental conditions, and was already applied for low energetic primary beams.
The method requires a well-controlled electron source, which is the critical point
for low-energetic primary beams. However, this method overcomes the problems
listed above.

Another important factor influencing the process of electron emission is the surface
condition. This review is focused on experimental methods, therefore, methods of surface
preparation are not discussed here. However, one should take into account surface
treatment before measurements, since roughness and contamination of the surface can
significantly change emission yield.

7.5 Remarks

As described in Chapter 2 of this thesis, several processes can be responsible for releasing
an electron from a dielectric surface, SEE being one of them. The necessity of experimental
investigations of the process was, however, questioned within the course of this research,
for the following reasons:

1. The energy reason: the expected energies of free electrons generated by streamer
discharges, are not high enough to free any additional electrons from the surface.

2. The vacuum reason: the SEE-experiments have to be performed in ultra high
vacuum conditions, therefore, the results of those experiments would be irrelevant
under the conditions of streamer discharge propagation.

3. The contamination reason: at higher pressures (as compared to vacuum conditions)
the surface condition will play a negligibly insignificant role, since a contaminated
layer will very fast form on the surface. It would effectively be the influence of
that contaminated layer, rather than the surface itself, on SEE; different qualities
of the surface (such as surface roughness) would not be of high importance.

The reasons presented above will now be discussed in more detail.
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Figure 7.4: Illustration of the contamination process during the operation of SEM, provided
by FEI-Company.

• Energy : the existing experimental data predict the energies of the electrons created
during the process of streamer propagation of the order of ≈ 5 eV [Kuf00, Hag05].
As discussed in this chapter, the energies of primary electrons have to be of the
order of 1 keV for creating a noticeable production of secondary electrons (see
Table 1 in Appendix 1). That means that at energies of electrons generated
during the propagation of the streamer, no extra free electrons facilitating the
streamer propagation in the system will be created by means of SEE. In figure 7.1
such low-energetic electrons lie below the first cross-over point, meaning that the
surface will be, charged negatively, if at all. Effectively, this negative charging of
the surface will decrease the incident energies of primary electrons even further,
reducing the probability of any effect (emission or attachment) based on electron -
surface interaction.

• Vacuum : as mentioned in the beginning of this chapter (section 7.2), to perform
any SEE experiment a source of initial electrons, as well as a means of measuring
their energies, are required. In the majority of experiments electrons with certain
energies are produced by an electron gun, the electrons then travel towards the
surface of interest through an ultra-high vacuum environment. The high vacuum is
a necessary requirement for these experiments, for if electrons would travel through
any volume of bulk gas, they would inevitably collide with the particles of the
environment, losing energy or attaching to molecules to form ions. Moreover, not
only the electrons would bombard the surface of interest, but also the particles
of the bulk gas itself. Therefore any SEE-experiments are necessarily performed
under high-vacuum, to accurately measure the effect. During the propagation of a
streamer in a bulk gas, high vacuum conditions are, of course, impossible. Hence,
the measurements of the total yield would not give a guarantee that the process
can be characterized in the same way under higher pressure conditions. Moreover,
the presence of free electrons responsible for the intensive bombardment of the
solid dielectric implies that there is already a propagating streamer. This project
was largely devoted to the streamer inception conditions; in the scope of streamer
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inception investigations, free electrons appearing due to the propagation itself are
not yet available.

• Contamination : the contamination process takes place immediately when the
experimental samples are exposed to the ambient air environment. Hence, the
consequent measurements will be describing the qualities of an oxide layer, formed
on the surface of the sample, rather than the qualities of the surface itself. To
avoid the forming of an oxide layer the samples for SEE experiments must be
prepared and transported under high vacuum conditions. Moreover, the surface
will get contaminated during electron bombardment itself, since the so-called
electron beam induced contamination will take place. Electron beam induced
contamination, i.e. the deposition of carbonaceous material over the sample surface
bombarded by the electron beam is almost always present after viewing in the
scanning electron microscope (SEM). This is one of the most troublesome problems
in high-resolution scanning electron microscopy, since it induces physical change in
the actual structure of the material being viewed, generally by obscuring the fine
detail. The example of a surface contaminated after being exposed to SEM electron
beam is presented in figure 7.4. In many cases the contamination is not that
obvious visually, nonetheless it does lead to a change in the amount of electrons
leaving the sample [Vla05], which would be dramatic for an SEE experiment.

Due to the reasons described above, SEE experiments were not performed within
the course of this project. The problem, however, deserves significant attention and an
extensive research and analysis of existing experimental techniques were performed in an
attempt to find the most reliable method of investigation.





CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

We have experimentally investigated the process of streamer discharge inception on
a dielectric surface for the particular case of electrodeless inception. Three stages
of development of surface streamers were considered: ‘‘pre-inception’’, ‘‘inception’’
and ‘‘propagation and quenching’’. We have investigated these 3 stages of discharge
development in order to gain more physical understanding of the process, as well as to
provide valuable input to the existing high voltage design methodologies. Within the
course of the research described in this thesis, new data about the process of electrodeless
streamer inception on dielectric surfaces, were obtained. The following conclusions can
be drawn as a result of the performed experimental investigations and their analysis:

• We have estimated the values of the electric field required for streamer inception
on the surface of an insulator. This was done by means of measuring the minimal
required inception voltage, as well as performing temporarily resolved current
measurements of the discharge process. Analyzing the experimental data, we
obtained values of the ionization rate (ανe, s−1), which could be related to the
values of the electric field in the system. We conclude that, despite the fact that
the minimum electric field required for discharge inception on a dielectric surface
is higher than that expected for discharges in bulk gas, the surface itself provides
the high E-field conditions due to the permittivity-induced field enhancement.

• We have performed experiments to determine values of the inception voltage,
required for the initiation of a surface discharge in different gases: nitrogen, argon,
CO2, SF6 and air. The results of these experiments were compared with those
predicted by a streamer inception model. The streamer inception model makes use
of a streamer criterion (K), which equals a logarithm of the number of electrons that
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have to accumulate in the front of an electron avalanche in order for avalanche-to-
streamer transition to occur. The exact value of the streamer criterion for complex
geometries including both electrodes and dielectric components, is still under debate.
We have validated that for non-electronegative gases the generally assumed value
of K = 10 of the streamer integral is in agreement with our obtained experimental
data on surface discharge inception. For electronegative gases, however, the
experimentally obtained values turned out to be higher that the calculated values
for K = 10. We attribute this effect to the statistical time delay of the first electron;
to increase the probability of presence of a first electron, it was necessary to increase
the critical area by means of applying an overvoltage to the system.

• We have investigated surface streamer behavior in different SF6/N2 mixtures with
the purpose of reducing the use of SF6 in high-voltage insulation systems. It can
be concluded that the inception voltage of surface discharges increases significantly
already with a small admixture of SF6 to N2. Also the rise-time and duration of
the measured pre-breakdown currents become shorter already at low concentrations
of SF6. It has been demonstrated that in the context of electrodeless inception
at a solid dielectric surface, the amount of SF6 used as a gaseous media can be
reduced significantly without losing much of the dielectric strength.

• It has been demonstrated, that surface roughness does not play a significant role in
the process of surface discharge inception, as far as the imperfections of the surface
are small enough to not result in a local enhancement of the electric field.

• The length of surface discharges initiated by the lowest possible inception voltage
was determined experimentally by means of imaging of the discharge. These
experimentally obtained values were compared with calculated streamer lengths.
For this purpose a streamer propagation model was employed, predicting the length
of streamers propagating in complicated geometries. The streamer propagation
model is based on the hypothesis that a streamer propagates as long as its internal
field is higher than the stability field. It has been demonstrated that the streamer
propagation model calculates the maximum distance a streamer can travel under
certain conditions (including geometry, type of gas, pressure, applied voltage). The
streamer propagation model only accounts for the presence of a dielectric in the
system by means of permittivity-induced enhancement of the electric field. While
this approximation has proved to work well for estimating parameters of streamer
inception, for streamer propagation other processes possibly play a role as well. For
a propagating streamer the presence of free electrons in the gap is a determining
factor. These free electrons can come from the surface - through photoemission,
or can be trapped by the surface. The balance of these two opposite effects is an
important factor for streamer propagation.

• It has been demonstrated that the streamer propagation model describes experimen-
tal results obtained in CO2 better than those in air. This has been attributed to
the fact, that in air electron trapping by the surface is more efficient than electron
emission from the surface, hence the surface acts as an electron sink, hindering
discharge propagation. We assume, that in the case of CO2 these effects might be
cancelling each other; another explanation can be that the surface influence is less
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strong if it is surrounded by an electronegative gas that determines in this case the
availability of free electrons in the system.

• It has been shown that surface streamers in nitrogen propagate slightly faster than
surface streamers in ambient air ((∼ 4 vs. ∼ 3) mm/ns for velocities in nitrogen
and air respectively). This effect can be explained by the difference in characteristic
lengths of photoionization and photoemission. The energy, required to release a
photon from the surface can be lower than gas photoionization potential, hence
photoemission can happen on a larger length scale. In air the process of streamer
propagation is guided by photoionization, while in nitrogen photoemission can
play an important role in providing new electrons to the discharge. Consequently,
streamers in nitrogen environment can propagate faster than those in air.

• Experimental methods, currently used to estimate secondary electron emission
coefficients of dielectric materials, were extensively analyzed. It has been shown,
that the most reliable measurement method is based on using a Kelvin probe.
This method avoids the majority of problems generally arising when performing
SEE-experiments.

8.2 Recommendations for future research

Despite the fact that the current research provides more insight on the process of
electrodeless streamer inception, new research questions arise from the results of the
investigations, described in this thesis.

• We have conjectured, that the high inception voltages, observed for AC-powered
discharges in electronegative gases, can be explained by the statistical time lag of
the presence of the first electron in the high E-field region. It would be interesting to
check this hypothesis by performing experiments with a similar configuration as in
our set-up, providing that there is always an initial electron in the critical area. An
initial electron can be generated, for example, by means of x-ray irradiation. The
values of inception voltages, obtained with x-ray irradiation can be compared with
the results, obtained without pre-ionization. The value of the streamer inception
criterion for the measurements with the x-ray should be calculated and compared
with the expected value of K = 10.

• It would be interesting to check the same hypothesis by performing experiments
similar to those described in Section 5.3.1 of this thesis. We have performed the
experiments with waiting times up to 30 minutes, however, since the value of
streamer inception criterion exhibits a very sharp maximum, the time-scale was
underestimated. The hypothesis that the inception voltage strongly depends on
the probability of the presence of a first electron can also be checked by increasing
the waiting time until the inception occurs. The drawback of this approach is that
performing such experiments will possibly be very time-consuming.

• While analyzing the results, we have noticed the lack of data on photoemission from
dielectric surfaces. These data are of importance both for the case of electrodeless



104 Chapter 8. Conclusions and recommendations

discharge inception, a central point of this work, and for discharges starting at a
sharp point electrode but propagating along the surface of an insulator. Experiments
on determining the photoemission yield for different materials can be performed
using existing experimental set-ups developed for SEE-investigations, the best
of which seems to be the Kelvin-probe based method, described in Chapter 7.
Due to the fact that SEE-measuring techniques solve the problems related to
investigations of dielectric surfaces (charging of the dielectric and contamination),
the only improvement required to perform UV-induced electron emission in such a
set-up would be implementation of a controlled UV-source in the system.

• The data on photoionization in mixtures of various gases, similar to the available
data in nitrogen-oxygen mixtures, would complete the existing data of important
gaseous properties and aid the exploration of new gas mixtures for various discharge
applications.

• As described in Chapters 4 and 6, the electric fields of discharge inception observed
in our experiments, are rather high. Based on the scarce data available in literature,
we have come to the conclusion that electric field induced electron emission from
the surface requires much higher values of external electric fields. However, it
would be interesting to know a range of values around which the role of this
effect will become significant. Moreover, a propagating streamer enhances the
electric field locally, which results in a combined field at the surface higher than
the applied electric field. It has been numerically demonstrated that if the streamer
approaches a dielectric surface, electric field enhancement can be very high [Dub16].
A more detailed theoretical estimation of this electric field enhancement and the
combination of these data with the field-emission measurements would be of high
interest.

• Within the course of the current research surface streamer velocities were measured
for discharges in nitrogen and in ambient air. Naturally, it would be useful to
obtain these data on discharges in other gases as well. These data would also help
to draw more conclusions on the surface influence on the discharge propagation.

• We have come to the conclusion that the presence of an initial electron is a crucial
factor determining the discharge inception process. The nature of this free electron
is, however, unclear. It seems, that in several gases under investigation - air, N2,
CO2, an initial electron will appear in the high electric field region from an O−

2

ion. There are, however, other negative ions that may be a source of an initial
electron; in air those can be even negative clusters like O−

2 (H2O)2 or CO−
3 (H2O)

[Pop10]. The knowledge of kinetic processes in different gases, responsible for the
generation of a first electron in a high electric field region, is important for the
physical understanding of discharge inception.

• It has been previously demonstrated [Bec13, Tri15] that the processes within
different types of plasmas can be influenced by dust particles, as they get negatively
charged due to collisions with free electrons. Such dust particles are inevitably
present in an experimental system. It would be of interest to perform experimental
investigations on determining the role of dust particles in the process of discharge
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inception, since their influence can become important when switching to longer
time-scales (i.e. longer waiting times) in the experiments.





BIBLIOGRAPHY

[Adi11] S. Adili, C. M. Franck, S. B. Sert and L. G. Herrmann. ‘‘Pulsed x–ray induced
partial discharge: Phase and time–resolved measurements’’. 2011 Annual Report
Conference on Electrical Insulation and Dielectric Phenomena (CEIDP), p.
32–35, 2011.

[Aky01] M. Akyuz, L. Gao, V. Cooray, T. G. Gustavsson, S. M. Gubanski and A. Larsson.
‘‘Positive streamer discharges along insulating surfaces’’. IEEE Transactions on
Dielectrics and Electrical Insulation, vol. 8, no. 6 p. 902–910, 2001.

[All95] N. L. Allen and A. Ghaffar. ‘‘The conditions required for the propagation of
a cathode–directed positive streamer in air’’. Journal of Physics D: Applied
Physics, vol. 28, no. 2 p. 331, 1995.

[Aus02] L. Austin and H. Starke. ‘‘Ueber die Reflexion der Kathodenstrahlen und eine
damit verbundene neue Erscheinung secundärer Emission’’. Annalen der Physik,
vol. 314, no. 10 p. 271–292, 1902.

[Bai91] I. D. Baikie, S. Mackenzie, P. J. Z. Estrup and J. A. Meyer. ‘‘Noise and the
Kelvin method’’. Review of Scientific Instruments, vol. 62, no. 5, 1991.

[Bal12] N. Balcon, D. Payan, M. Belhaj, T. Tondu and V. Inguimbert. ‘‘Secondary
electron emission on space materials: Evaluation of the total secondary electron
yield from surface potential measurements’’. IEEE Transactions on Plasma
Science, vol. 40 p. 282–290, 2012.

[Bas98] A. D. Bass, P. Cloutier and L. Sanche. ‘‘Measurements of charge accumulation
induced by monochromatic low–energy electrons at the surface of insulating
samples’’. Journal of Applied Physics, vol. 84, no. 5, 1998.

[Baz07] E. M. Bazelyan, Y. P. Raizer and N. L. Aleksandrov. ‘‘The effect of reduced
air density on streamer–to–leader transition and on properties of long positive
leader’’. Journal of Physics D: Applied Physics, vol. 40, no. 14 p. 4133, 2007.



108 Bibliography

[Bec13] F. J. C. M. Beckers, W. F. L. M. Hoeben, A. J. M. Pemen and E. J. M. van
Heesch. ‘‘Low–level NOx removal in ambient air by pulsed corona technology’’.
Journal of Physics D: Applied Physics, vol. 46, no. 29 p. 295201, 2013.

[Bek92] T. L. Bekker, J. A. J. Dayton, A. S. J. Gilmour, I. L. Krainsky, M. F. Rose,
R. Rameshan, D. File and G. Mearini. ‘‘Observations of secondary electron
emission from diamond films’’. Electron Devices Meeting, 1992. IEDM ’92.
Technical Digest., International, p. 949–952, 1992.

[Bel09a] M. Belhaj, T. Tondu and V. Inguimbert. ‘‘Experimental investigation of the
effect of the internal space charge accumulation on the electron emission yield
of insulators submitted to e–irradiation: application to polycrystalline MgO’’.
Journal of Physics D: Applied Physics, vol. 42, no. 14 p. 145306, 2009.

[Bel09b] M. Belhaj, T. Tondu, V. Inguimbert and J. P. Chardon. ‘‘A Kelvin probe based
method for measuring the electron emission yield of insulators and insulated
conductors subjected to electron irradiation’’. Journal of Physics D: Applied
Physics, vol. 42, no. 10 p. 105309, 2009.

[Bel14] I. Belysheva, I. Mursenkova and A. Chvyreva. ‘‘Experimental research of sliding
surface distributed nanosecond discharge in supersonic air flow’’. Journal of
Physics: Conference Series, vol. 516, no. 1 p. 012021, 2014.

[Bia16] S. F. Biagi. ‘‘Fortran program, magboltz, s.f. biagi, versions 8.9 and after’’.
www.lxcat.net, retrieved in May, 2016.

[Bou04] A. Boughariou, G. Blaise, D. Braga and A. Kallel. ‘‘Charge dynamics of MgO
single crystals subjected to KeV electron irradiation’’. Journal of Applied Physics,
vol. 95, no. 8, 2004.

[Bou07] A. Bourdon, V. P. Pasko, N. Y. Liu, S. Célestin, P. Ségur and E. Marode.
‘‘Efficient models for photoionization produced by non–thermal gas discharges in
air based on radiative transfer and the Helmholtz equations’’. Plasma Sources
Science and Technology, vol. 16, no. 3 p. 656, 2007.

[Bri06] T. M. P. Briels, J. Kos, E. M. van Veldhuizen and U. Ebert. ‘‘Circuit dependence
of the diameter of pulsed positive streamers in air’’. Journal of Physics D: Applied
Physics, vol. 39, no. 24 p. 5201, 2006.

[Bru36] H. Bruining. ‘‘The depth at which secondary electrons are liberated’’. Physica,
vol. 3, no. 9 p. 1046–1052, 1936.

[Bru38] H. Bruining. ‘‘Secondary electron emission’’. Physica, vol. 5, no. 10 p. 913–917,
1938.

[Bru62] H. Bruining and D. W. Fry. ‘‘Methods and Measurements’’. Physics and
Applications of Secondary Electron Emission, p. 8–26, 1962.

[Caz91] J. Cazaux, K. H. Kim, O. Jbara and G. Salace. ‘‘Charging effects of MgO under
electron bombardment and nonohmic behavior of the induced specimen current’’.
Journal of Applied Physics, vol. 70, no. 2, 1991.



Bibliography 109

[Caz93] J. Cazaux. Some Physical Descriptions of the Charging Effects in Insulators
Under Irradiation, p. 325––350. Springer US, Boston, MA, 1993.

[Caz99] J. Cazaux. ‘‘Some considerations on the secondary electron emission, δ, from
e–irradiated insulators’’. Journal of Applied Physics, vol. 85, no. 2, 1999.

[Chr90] L. G. Christophorou and L. A. Pinnaduwage. ‘‘Basic physics of gaseous di-
electrics’’. IEEE Transactions on Electrical Insulation, vol. 25, no. 1 p. 55–74,
1990.

[Chr95] L. G. Christophorou and R. J. V. Brunt. ‘‘SF6/N2 Mixtures. Basic and HV
Insulation Properties’’. IEEE Trans. on Diel. and Elect. Insul., vol. 2, no. 5 p.
952–1003, 1995.

[Chr00] L. G. Christophorou and J. K. Olthoff. ‘‘Electron Interactions With SF6’’.
Journal of Physical and Chemical Reference Data, vol. 29, no. 3 p. 267–330,
2000.
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SUMMARY

Creeping sparks:
a study on surface discharge development
Streamers are rapidly developing cold plasma channels that can sustainably propagate

into areas where the background electric field is lower than the field required for streamer
inception. Streamers have been extensively investigated during the past years due to their
importance in various types of phenomena: from natural lightning to short-circuiting
of a modern high voltage (HV) device. Streamers are widely used for air and water
purification, flow control and plasma medicine applications. However, in HV technology
streamer-induced sparking remains one of the causes of failure of gas insulated devices.
In HV equipment metallic conductive parts are often covered by solid dielectrics, either
to reduce the risk of dielectric breakdown or for other, e.g. mechanical, reasons. Still,
discharge (streamer) inception can occur without direct contact to an electrode. Such
electrodeless ‘‘creeping sparks’’ are the focus of this work. While for dielectric barrier
discharges, as well as for most cases of surface flashover where a streamer starts from
electrodes positioned on the surface, a lot of knowledge exists, much less is known for
the case of fully embedded electrodes and streamer inception tangential to the solid
dielectric surface. The detailed design rules for such cases are up to now mainly empirical,
often lacking a sufficiently deep physical understanding, and deserve thus fundamental
investigations.

These discharges usually originate from free electrons available near the surface,
which form electron avalanches provided a sufficiently large value of the electric field in
a critical volume. The enhancement of the electric field by the space charge, created due
to the impact ionization avalanche, leads to the development of streamers. Depending on
the voltage, streamers may transform into an electric arc if they connect two electrodes,
which leads then to short-circuiting and malfunctioning or even destruction of the high-
voltage device. This work presents a study of the pre-breakdown discharge behavior near
dielectric surfaces and is thus a prerequisite for finding strategies to enhance the electric
withstand of HV devices.
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The discharges under investigation were produced on a specially designed dielectric
rod with embedded electrodes, resulting in an electrodeless inception (which we define
as inception without contact to electrodes). The distance between the electrodes was 4
mm. One inner electrode of the sample was connected to a HV electrode, the other one
was grounded. The streamer activity took place on the outer surface of the sample rod.
Experiments were performed in a vacuum vessel which allowed to change and control
the parameters of the gaseous environment.

Experimental conditions

One of the goals of the current research was to provide a better physical understanding
of the processes of streamer propagation over a dielectric surface. To achieve this goal
the processes were investigated under different experimental conditions; the following
parameters were varied and controlled:

• All experiments were carried out at pressures ranging between 100 and 1000 mbar.

• To power up the set-up two HV supply systems were used: a pulsed HV supply
(0-70 kV; pulse duration varied from 400 ns to 6 µs, pulse magnitude for the
experiments did not exceed 30 kV) and AC HV supply (0-35 kV, 50 Hz).

• The following properties of the media were discussed:

– Solid dielectric: surface roughness and relative dielectric permittivity εr were
considered;

– Gaseous media: the gases under investigation were: nitrogen, argon, air, SF6,
SF6 − N2 mixtures and CO2. The different gases allow to look at certain
phenomena more closely, e.g., consider different levels of photoionization
comparing experiments in air and nitrogen. The other goal of using different
gaseous media was to collect data of discharge behavior under different
experimental conditions. This data is summarized at the end of this thesis.

Experimental results

During the experiments the main attention was paid to the parameters of streamer
inception.

Streamers can have propagation velocities up to 107 m/s. The special configuration of
the electrodes in the system allowed us to perform fast current measurements correspond-
ing to the process of streamer propagation. Analysis of the discharge current shapes
revealed the values of ionization rates (ανe, where α is the first Townsend ionization
coefficient and νe is the drift velocity of electrons), and the values of electric fields
(E-fields) corresponding to streamer inception under different experimental conditions.
These experiments were performed for discharges in nitrogen. Nitrogen was chosen due
to the availability of data describing the ανe÷E-field ratio, as well as due to a vast
amount of research on streamer discharges in bulk nitrogen gas. The comparison of the
values of electric field obtained in this research to the data about streamer propagation
in bulk nitrogen showed that electric fields required for the streamer inception seem to
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be significantly higher in presence of a dielectric solid surface as compared to streamers
in bulk gas. Nevertheless, the required higher inception voltage is (over-)compensated
by the permittivity-induced field-enhancement in the gas.

The obtained results on inception voltages of streamers on a dielectric surface were
compared with the results predicted by a theoretical model based on streamer inception
criterion (the streamer integral value K) estimation. The streamer inception criterion is
currently used for design of high voltage devices of complex topologies. A validation of
the currently used value of K was performed within the course of this work. The obtained
results demonstrate that the expected value of K = 10 works well for non-electronegative
gases (i.e. nitrogen, argon), while the agreement was much worse for gases like air, CO2

and SF6. This result is attributed to the statistical time lag of the presence of the first
electron in the high electric field region. The probability of the first electron in the
critical region decreases with the increase of the electronegativity of the gas, whereas
the model used for calculation assumes that an initial electron is always available in the
critical region.

It is demonstrated that the roughness of the dielectric surface does not influence
the process of discharge inception (if the imperfections do not cause a local E-field
enhancement).

One of the important points of the research was streamer inception (and propagation)
in SF6 −N2 mixtures. SF6 is nowadays widely used as a gaseous insulation media due
to its outstanding properties like high electric breakdown strength and good recovery
behavior after electric discharges and current interruption. However SF6 is a very strong
greenhouse gas, which means that the reduction of its usage is required. In this work we
focused on the possibilities of significantly reducing the amount of SF6 in the mixture
used as a gaseous insulation. Experiments showed, that even very small admixtures of
SF6 (5%) can significantly alter the discharge behavior in the mixture - the inception
voltages increase and the discharge duration decreases.

The morphology of surface discharges originating on a dielectric rod with embedded
electrodes is discussed. To provide the necessary data, high-speed and integral imaging
were employed. Integral images of discharges propagating under AC voltage supply
were used for comparison with the results of a simple streamer propagation model. We
conclude that the presented propagation model estimates a maximum propagation length
of positive streamers. Time-resolved imaging was performed for discharges powered with
a pulsed voltage supply. The results of the experiments were used for discharge velocity
estimation. The obtained values of discharge velocities turned out to be in the range of
(107 − 105) m/s, depending on the local value of the electric field. The values proved to
be in agreement with those observed previously by other researches in the areas where
electric field values were comparable.





GENERAL SUMMARY

The work described in this thesis presents experimental investigations on streamer
discharges propagating along dielectric surfaces.

Materials that are not conducting electric current are generally referred to as di-
electrics or insulators. The most common example of an insulating material is the usual
ambient air. Due to the low ability to conduct electric current, dielectrics are widely used
in design of high voltage devices to protect conductive metal parts. However, despite
these preventive measures, unwanted breakdowns stil can occur. An example of such a
discharge, that can eventually cause short-circuiting and destruction of a high-voltage
device, is presented in figure 8.1a.

Before a discharge develops to a state presented in figure 8.1a (a spark), a conductive
channel must be formed, that provides a path for the future spark. Such a conductive
channel is provided by a streamer discharge . In nature streamer discharges can be
observed during the propagation of a lightning. Before the visible lightning event occurs,
streamer discharges are formed, that provide a path for a lightning spark. Due to the
fact that streamers propagate with very high velocities (up to 107 m/s), the molecules
and ions of gas do not have sufficient time to heat up, therefore, streamer channels are
characterised by ambient temperatures and pressures. Consequently, they do not cause
formation of shock waves (thunder). The light emission of streamers in atmospheric air
is rather weak and lies within UV and a purple-blue parts of the visible spectrum. Due
to the reasons described above, streamer discharges are rarely observed in everyday life,
despite the fact, that they are an important stage of development of sparks.

The work presented in this thesis was devoted to investigations of such streamer
discharges, propagating on dielectric surfaces. The discharges under investigation were
initiated directly on an insulator without any contact to metal parts, resulting in an
‘‘electrodeless’’ inception. An example of an experimental image of a discharge is presented
in figure 8.1b.

The most important characteristics obtained within the course of this research
were inception voltage and propagation velocities of surface discharges. Furthermore,
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(a) (b)

Figure 8.1: (a) An example of a discharge, ‘‘creeping’’ on a surface of a dielectric, as presented
in [Ped16]; (b) A colored representation of an originally black-and-white experimental image,
with the colormap presented on the right-hand-side: the yellow-red part represents the brighter
areas of the image, whereas the gray-black parts correspond to the darker areas.

a validation of the industrial criterion for streamer inception was performed. It has
been demonstrated that the currently used value of streamer inception criterion is also
applicable for the case of electrodeless inception. Predictions of the streamer propagation
model were also validated, and turned out to represent the maximum possible length
of the propagation of a streamer. It has been demonstrated that the use of 100% SF6

is not a necessary condition for design of high-voltage switching equipment. It has
been analytically concluded, that the process of electron-induced secondary electron
emission from a dielectric surface will not be an important factor in streamer discharge
propagation. Finally, it has been shown, that the presence of a dielectric in the system
influences the process of discharge inception by means of permittivity-induced electric
field enhancement, whereas the processes of emitting/attracting the electrons and their
balance with particle processes in a gas media, are important for the propagation of a
discharge.



НАУЧНЫЙ ОБЗОР

Стримеры представляют собой тонкие плазменные каналы, распространяющие-
ся с большими скоростями. Стримерные каналы могут продвигаться в областях
пространства, где напряжённость электрического поля ниже критической напря-
жённости, необходимой для их зарождения. Значительное количество исследований
стримерных разрядов объясняется важностью этого процесса в самых разных об-
ластях науки и техники: в исследованиях процесса образования разряда молнии,
в разработке методов очистки и обеззараживания воды и воздуха, в области кон-
троля аэродинамических потоков, плазменной медицине. Несмотря на очевидную
важность стримерных разрядов во многих технологических разработках, в высо-
ковольтных технологиях возникновение стримеров является одной из основных
проблем, ввиду коротких замыканий, обусловленных трансформацией стримеров в
искровые разряды. С целью минимизировать риск диэлектрического пробоя (или
по другим, например, механическим, соображениям) в области высоковольтного
машиностроения металлические проводящие детали часто покрывают слоем твёр-
дого диэлектрика. Тем не менее, возникновение (стримерных) разрядов возможно
даже в отсутствие прямого контакта с электродом. Безэлектродные ‘‘ползущие ис-
кры’’ такого типа разряда являются центром настоящего исследования. В то время
как существует большой объём знаний, объясняющих поведение диэлектрических
барьерных разрядов, а также разрядов, возникающих у границы металлического
электрода, расположенного на диэлектрической поверхности, случай полностью
внутренних электродов и соответствующих им стримерных разрядов по касательной
к диэлектрику гораздо менее изучен. Конструктивные нормы и правила в этом
случае в большинстве своём являются эмпирическими, не обладающими глубоким
пониманием физических процессов, лежащих в основе данного явления. Таким
образом, случай безэлектродного поверхностного разряда заслуживает проведения
фундаментальных исследований.

Данный тип разряда обычно инициируется свободными электронами, доступ-
ными у поверхности диэлектрика. Доступные свободные электроны, ускоряясь
по направлению к аноду, образуют электронные лавины при условии достаточно
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высоких значений поля в критическом объёме. Искажение электрического поля,
вызванное пространственным зарядом электронной лавины, приводит к образова-
нию стримерного разряда. В зависимости от величины приложенного напряжения
стримерный разряд может развиться в искровой, что в конечном итоге приведёт
к короткому замыканию и сбоях в работе или даже разрушению высоковольтного
аппарата. В данной работе представлены исследования пред-пробойного поведения
разряда около диэлектрической поверхности, что является первым шагом на пути к
разработке электрически-устойчивых высоковольтных аппаратов.

Исследуемые разряды инициировались на поверхности специально разработанно-
го образца - диэлектрического цилиндра с внедрёнными внутренними электродами.
Разработанная геометрия позволяла зажигать стримерные разряды на поверхности
диэлектрика, в отсутствие контакта с металлическими поверхностями электродов.
Расстояние между внутренними электродами составляло 4 мм. Один из внутренних
электродов образца был соединён с внешним высоковольтным электродом, второй
внутренний электрод - с внешним заземлённым электродом. Эксперименты проводи-
лись в вакуумной камере, позволяющей устанавливать и контролировать параметры
окружающего газа.

Экспериментальные условия

Одной из целей настоящего исследования был сбор данных о физических про-
цессах, обуславливающих возникновение и распространение стримерных разрядов
на поверхности диэлектрика. Ниже представлены переменные параметры экспери-
ментов:

• Экспериментальные давления варьировались в диапазоне от 100 до 1000 мбар
для всех исследуемых газов.

• Два вида высоковольтного напряжения использовались для электропитания
установки и инициирования разряда: импульсное напряжение (реализованное
с помощью высоковольтного переключателя, работающего в диапазоне 0-70 кВ;
продолжительность импульсов варьировалось от 400 нс до 6 мкс, абсолютная
величина напряжения в экспериментах не превышала 30 кВ) и переменное
напряжение (частота 50 Гц, абсолютная величина в диапазоне 0-35 кВ).

• Следующие свойства материалов были рассмотрены в ходе исследования:

– Диэлектрик : шероховатость поверхности и относительная диэлектриче-
ская проницаемость εr.

– Газ: были исследованы следующие газы: азот, аргон, (атмосферный) воз-
дух, SF6, смеси SF6−N2, и CO2. Использование различных газов позволя-
ет детально исследовать некоторые процессы; так, процесс фотоионизации
может быть проанализирован в рамках сравнения экспериментов в воз-
духе и в азоте. Сбор данных о динамике разряда в различных (газовых)
средах являлся ещё одной из целей данного проекта.
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Результаты экспериментов

В ходе проведения экспериментов основное внимание уделялось условиям воз-
никновения стримерного разряда.

Скорость распространения стримера может достигать 107 м/с. Специально раз-
работанная система электродов позволила успешно провести измерения быстрого
тока разряда. В ходе анализа экспериментальных данных были получены значения
интенсивности ионизации (ανe, где α представляет собой первый ионизационный
коэффициент Таунсенда, νe - скорость дрифта электронов), а также значения на-
пряжённости электрического поля (E ), соответствующие инициации стримерного
разряда при различных условиях. Эксперименты по оценке вышеуказанных вели-
чин были проведены для разрядов в азоте. Выбор азота в качестве газовой среды
обусловлен наличием данных о зависимости ανe÷E, а также большим количеством
исследований, посвящённых стримерным разрядам в объёме данного газа. Срав-
нение величин напряжённости электрического поля, полученных в ходе данного
исследования, с данными о разрядах в объёме газа показало, что минимальные
электрические поля, необходимые для поджига поверхностного разряда, превышают
соответствующие величины для объёмного разряда. Тем не менее, усиление поля
за счёт разницы в диэлектрических проницаемостях, обсуловленной присутствием
диэлектрика в системе, предоставляет необходимые условия для возникновения
стримерного разряда у поверхности.

Результаты экспериментов по измерению минимального напряжения поджига
разряда на диэлектрической поверхности были сопоставлены с предсказаниями
теоретической модели, разработанной на основе критерия зажигания стримерно-
го разряда (величины стримерного интеграла К ). В настоящее время критерий
возникновения стримерного разряда используется в процессе разработки высоко-
вольтных аппаратов сложных конфигураций. В ходе исследования, представленного
в данной работе, была проведена проверка величины стримерного интеграла, исполь-
зуемой в технологическом проектировании. Полученные результаты демонстрируют,
что ожидаемая величина K = 10 хорошо описывает возникновение разряда в не-
электроотрицательных газах (таких как азот, аргон), тогда как для разрядов в
воздухе, CO2 и SF6 результаты проведённых экспериментов гораздо менее согласова-
ны с величиной К, используемой в настоящее время. Полученная разница объяснена
статистическим запаздыванием наличия первичного электрона в области высокого
электрического поля. Вероятность присутствия первичного электрона в критиче-
ском объёме уменьшается с увеличением электроотрицательности газа, тогда как в
расчётной модели первичный электрон всегда доступен.

В ходе исследований было показано, что шероховатость поверхности диэлектрика
не влияет на процесс зажигания разряда (до тех пор, пока размеры неоднородностей
не влекут за собой локальное усиление поля).

Одной из важных задач исследования была задача возникновения (и распро-
странения) поверхностного разряда в смесях SF6 −N2. SF6 широко используется в
качестве газообразной изоляции благодаря его уникальным свойствам - высокой
электрической (пробивной) прочности и оптимальной регенерации после протекания
электрического разряда и прерывания тока. Тем не менее, SF6 является очень
опасным парниковым газом, что приводит к необходимости разработки возможно-
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стей его замещения на другие газы или газовые смеси. Одним из фокусов данной
диссертации было исследование возможности значительно уменьшить расход и
потребление SF6 путём использования его смесей с азотом. Эксперименты показали,
что даже очень незначительные добавки электроотрицательного SF6 к N2 приводят
к значительным изменениям процесса поджига разряда; в частности, - к увеличению
напряжения пробоя и к уменьшению продолжительности протекания тока.

В ходе работы обсуждаются закономерности структуры разряда, инициирован-
ного у поверхности диэлектрического образца. Необходимые экспериментальные
данные были получены с помощью высокоскоростной и интегральной регистрации
излучения. Интегральные изображения разрядов, распространяющихся под воздей-
ствием переменного напряжения, были использованы для сравнения с результатами
двухмерной модели, описывающей распространение стримеров. Было показано, что
представленная модель оценивает максимально возможную длину распространения
положительных (катодонаправленных) стримеров. Съёмка разряда с временным
разрешением была проведена для стримеров, распространяющихся под действием
импульсного напряжения. Экспериментальные результаты были использованы для
получения данных о скоростях поверхностных разрядов. Полученные величины
скоростей лежат в диапазоне (107 − 105) м/с и зависят от локальной величины
напряжённости электрического поля. Значения скоростей поверхностных разря-
дов согласуются по порядку величины со значениями, продемонстрированными
предшествующими исследователями в областях с соизмеримыми величинами напря-
жённости электрического поля.
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Ползущие искры:
экспериментальные исследования поверхностных

разрядов

Данная диссертация представляет собой экспериментальные исследования стри-
мерного разряда на поверхности диэлектрика .

Диэлектриками (или изоляторами) принято называть материалы, не прово-
дящие электрический ток (в отличие от, например, металлов). К диэлектрикам
относятся многие газы, в том числе воздух, а также стекло, различные пластмассы.
Благодаря неспособности изоляторов пропускать электрический ток, их часто ис-
пользуют при производстве аппаратов, содержащих металлические (проводящие)
части, находящиеся под большими напряжениями. С целью изоляции проводящих
деталей, их покрывают достаточно толстыми слоями диэлектрических материалов.
Тем не менее, несмотря на превентивные меры, при определённых условиях на по-
верхности диэлектрика может возникнуть электрический разряд. Один из примеров
такого нежелательного пробоя на поверхности изолятора представлен на рис. 8.2a.

Прежде чем разряд достигнет состояния, представленного на рис. 8.2a, т.е. состо-
яния искры, должен сформироваться проводящий канал, по которому в дальнейшем
и распространяется искра. В природе таким механизмом распространения харак-
теризуются разряды молнии. Перед видимой вспышкой молнии формируются так
называемые стримеры , представляющие собой хорошо проводящие каналы, кото-
рые, сливаясь, дают начало яркому каналу молнии. Стримерные каналы испускают
слабое излучение в ультрафиолетовом диапазоне и фиолетовой части видимого
спектра, и потому незаметны с поверхности земли. Ввиду того, что данный тип
разряда характеризуется очень высокими скоростями распространения (до 107 m/s),
ионы и молекулы газа внутри канала не успевают нагреться, следовательно, внутри
стримерного канала температура и давление не сильно отличаются от атмосферных,
что ведёт к отсутствию ударной волны (грома). Таким образом, стримерные разряды
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достаточно сложно наблюдать в обычной жизни, несмотря на то, что они являются
первой стадией искрового разряда.

В настоящей работе исследуется именно начальная (стримерная) стадия разви-
тия искрового разряда по поверхности диэлектрика, т.к. возникновение стримера
очень часто приводит к пробою, представленному на рис. 8.2a, а, следовательно,
к коротким замыканиям и повреждениям (а иногда и выходу из строя) высоко-
вольтного оборудования. Основной целью исследований, представленных в данной
диссертации, являлось определение параметров зажигания стримерного разряда,
ввиду необходимости этих данных для усовершенствования существующих мето-
дов предотвращения коротких замыканий. Разряды, изучаемые в экспериментах,
относятся к ‘‘безэлектродным’’ разрядам, т.к. зажигание стримеров происходит
на поверхности диэлектрика, в отсутствие прямого контакта с металлическими
электродами. Стримеры распространялись - или ‘‘ползли’’ по поверхности, фор-
мируя ‘‘ползущие искры’’ . Пример экспериментального изображения разряда
представлен на рис. 8.2b.

(a) (b)

Рис. 8.2: (a) Пример искрового разряда, ‘‘ползущего’’ по поверхности диэлектрика, пред-
ставленный [Ped16]; (b) Пример экспериментального изображения стримера. Изначально
чёрно-белое изображение окрашено соответственно цветовой шкале, также представ-
ленной на рисунке: красно-жёлтый диапазон представляет собой более яркое излучение,
чёрно-серый - более бледное.

Наиболее важными полученными характеристиками являются напряжение зажи-
гания и скорость распространения поверхностного разряда. Также была проведена
проверка существующей модели дизайна высоковольтных аппаратов, и показано,
что данная эмпирическая модель хорошо описывает поведение высоковольтного
аппарата в критических условиях. Подтверждена справедливость использования
распространённой величины критерия возникновения разряда в случае разряда на
поверхности диэлектрика. Был проведён качественный анализ модели распростра-
нения стримера и продемонстрировано, что модель предсказывает максимальную
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длину распространения. Показано, что использование 100% концентрации SF6 не
является необходимым условием разработки высоковольных переключателей. Про-
демонстрировано, что основным механизмом влияния поверхности диэлектрика
на возникновение разряда является усиление напряженности электрического поля,
вызванное поляризацией диэлектрика, тогда как процессы испускания/поглощения
электронов поверхностью и их связь с процессами, происходящими в газообразной
среде, определяют распространение разряда. На основе аналитического исследова-
ния сделан вывод, что вторичная электронная эмиссия, вызванная бомбардировкой
поверхности пучком первичных электронов, не оказывает влияния на процесс рас-
пространения разряда.
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Appendix 2

The values of the streamer inception criterion for different gases for a variety of voltages
for each pressure. Thick black lines represent the experimental range of data. The
horizontal lines represent the range of values of K that would fit all the experimental
pressures. For comparison a horizontal line K = 10 is presented on each graph.

(a) Nitrogen

(b) Argon
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(c) CO2

(d) SF6
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Appendix 3

The data for α/N versus E/N used for the calculations of streamer
inception criterion in section 5.3.1. The compilation was created by
M. Piemontesi (unpublished), using the data from [Fri92], [Dut75] and
[Pet95].

E/N ,10−17V cm2 α/N ,cm2 E/N ,10−17V cm2 α/N ,cm2 E/N ,10−17V cm2 α/N ,cm2

103.2 0 128.1 5.806E-23 158.9 1.992E-22
103.8 5.262E-25 128.7 6.023E-23 159.7 2.039E-22
104.3 1.261E-24 129.4 6.244E-23 160.5 2.086E-22
104.8 2.022E-24 130 6.47E-23 161.3 2.134E-22
105.3 2.809E-24 130.7 6.7E-23 162.1 2.183E-22
105.9 3.623E-24 131.3 6.935E-23 162.9 2.233E-22
106.4 4.463E-24 132 7.175E-23 163.7 2.284E-22
106.9 5.33E-24 132.6 7.419E-23 164.6 2.335E-22
107.5 6.225E-24 133.3 7.668E-23 165.4 2.387E-22
108 7.148E-24 134 7.922E-23 166.2 2.44E-22

108.5 8.098E-24 134.7 8.181E-23 167 2.494E-22
109.1 9.078E-24 135.3 8.445E-23 167.9 2.549E-22
109.6 1.009E-23 136 8.714E-23 168.7 2.604E-22
110.2 1.112E-23 136.7 8.988E-23 169.6 2.66E-22
110.7 1.219E-23 137.4 9.267E-23 170.4 2.718E-22
111.3 1.329E-23 138.1 9.551E-23 171.3 2.776E-22
111.9 1.442E-23 138.8 9.841E-23 172.1 2.835E-22
112.4 1.558E-23 139.5 1.014E-22 173 2.895E-22
113 1.677E-23 140.2 1.044E-22 173.9 2.955E-22

113.6 1.799E-23 140.9 1.074E-22 174.8 3.017E-22
114.1 1.925E-23 141.6 1.105E-22 175.6 3.08E-22
114.7 2.054E-23 142.3 1.137E-22 176.5 3.143E-22
115.3 2.186E-23 143 1.169E-22 177.4 3.208E-22
115.9 2.321E-23 143.7 1.202E-22 178.3 3.273E-22
116.4 2.46E-23 144.4 1.236E-22 179.2 3.34E-22
117 2.602E-23 145.2 1.27E-22 180.1 3.407E-22

117.6 2.748E-23 145.9 1.304E-22 181 3.476E-22
118.2 2.897E-23 146.6 1.34E-22 181.9 3.545E-22
118.8 3.05E-23 147.4 1.375E-22 182.8 3.616E-22
119.4 3.207E-23 148.1 1.412E-22 183.8 3.688E-22
120 3.367E-23 148.9 1.449E-22 184.7 3.762E-22

120.6 3.531E-23 149.6 1.487E-22 185.6 3.837E-22
121.2 3.698E-23 150.4 1.525E-22 186.6 3.914E-22
121.8 3.87E-23 151.1 1.564E-22 187.6 3.992E-22
122.4 4.045E-23 151.9 1.604E-22 188.5 4.072E-22
123 4.225E-23 152.6 1.644E-22 189.5 4.154E-22

123.7 4.408E-23 153.4 1.685E-22 190.5 4.237E-22
124.3 4.595E-23 154.2 1.727E-22 191.5 4.321E-22
124.9 4.786E-23 154.9 1.769E-22 192.6 4.408E-22
125.5 4.982E-23 155.7 1.812E-22 193.6 4.496E-22
126.2 5.181E-23 156.5 1.856E-22 194.6 4.586E-22
126.8 5.385E-23 157.3 1.901E-22 195.7 4.678E-22
127.4 5.593E-23 158.1 1.946E-22 196.7 4.771E-22
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E/N ,10−17V cm2 α/N ,cm2 E/N ,10−17V cm2 α/N ,cm2 E/N ,10−17V cm2 α/N ,cm2

197.8 4.867E-22 255.8 1.14E-21 349.8 2.672E-21
198.9 4.964E-22 257.4 1.163E-21 352.9 2.725E-21
200 5.063E-22 259.1 1.186E-21 356.2 2.78E-21

201.1 5.164E-22 260.8 1.21E-21 359.5 2.836E-21
202.2 5.268E-22 262.5 1.234E-21 362.9 2.892E-21
203.3 5.373E-22 264.3 1.259E-21 366.3 2.95E-21
204.5 5.481E-22 266 1.284E-21 369.9 3.009E-21
205.6 5.59E-22 267.8 1.31E-21 373.4 3.069E-21
206.8 5.702E-22 269.6 1.336E-21 377.1 3.131E-21
208 5.816E-22 271.4 1.363E-21 380.8 3.193E-21

209.1 5.932E-22 273.2 1.39E-21 384.6 3.257E-21
210.3 6.051E-22 275.1 1.418E-21 388.5 3.322E-21
211.6 6.172E-22 276.9 1.446E-21 392.5 3.389E-21
212.8 6.295E-22 278.8 1.475E-21 396.5 3.457E-21
214 6.421E-22 280.7 1.505E-21 400.6 3.526E-21

215.3 6.55E-22 282.6 1.535E-21 404.8 3.596E-21
216.5 6.681E-22 284.6 1.565E-21 409.1 3.668E-21
217.8 6.814E-22 286.5 1.597E-21 413.5 3.741E-21
219.1 6.951E-22 288.5 1.629E-21 418 3.816E-21
220.4 7.09E-22 290.5 1.661E-21 422.5 3.893E-21
221.7 7.231E-22 292.5 1.694E-21 427.2 3.97E-21
223 7.376E-22 294.5 1.728E-21 431.9 4.05E-21

224.3 7.524E-22 296.6 1.763E-21 436.7 4.131E-21
225.7 7.674E-22 298.7 1.798E-21 441.6 4.213E-21
227.1 7.828E-22 300.8 1.834E-21 446.7 4.298E-21
228.4 7.984E-22 302.9 1.871E-21 451.8 4.384E-21
229.8 8.144E-22 305 1.908E-21 457 4.471E-21
231.2 8.307E-22 307.2 1.946E-21 462.3 4.561E-21
232.7 8.473E-22 309.4 1.985E-21 467.8 4.652E-21
234.1 8.642E-22 311.6 2.025E-21 473.3 4.745E-21
235.5 8.815E-22 313.8 2.066E-21 479 4.84E-21
237 8.991E-22 316.1 2.107E-21 484.8 4.937E-21

238.5 9.171E-22 318.6 2.149E-21 490.6 5.036E-21
240 9.355E-22 321.1 2.192E-21 496.6 5.136E-21

241.5 9.542E-22 323.8 2.236E-21 502.8 5.239E-21
243 9.733E-22 326.4 2.281E-21 509 5.344E-21

244.6 9.927E-22 329.1 2.326E-21 515.4 5.451E-21
246.1 1.013E-21 331.9 2.373E-21 521.9 5.56E-21
247.7 1.033E-21 334.7 2.42E-21 528.5 5.671E-21
249.3 1.053E-21 337.6 2.469E-21 535.3 5.784E-21
250.9 1.075E-21 340.6 2.518E-21 542.2 5.9E-21
252.5 1.096E-21 343.6 2.568E-21 549.2 6.018E-21
254.1 1.118E-21 346.6 2.62E-21 556.4 6.138E-21
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E/N ,10−17V cm2 α/N ,cm2 E/N ,10−17V cm2 α/N ,cm2 E/N ,10−17V cm2 α/N ,cm2

562.8 6.261E-21 974.8 1.467E-20 3641 3.438E-20
568.3 6.386E-21 991.7 1.496E-20 3888 3.506E-20
574 6.514E-21 1009 1.526E-20 4171 3.577E-20

579.9 6.644E-21 1027 1.557E-20 4499 3.648E-20
585.8 6.777E-21 1046 1.588E-20 4883 3.721E-20
591.8 6.913E-21 1066 1.62E-20 5338 3.795E-20
598 7.051E-21 1086 1.652E-20 5887 3.871E-20

604.3 7.192E-21 1107 1.685E-20 6561 3.949E-20
610.8 7.336E-21 1129 1.719E-20 7411 4.028E-20
617.4 7.483E-21 1151 1.753E-20 8513 4.108E-20
624.1 7.632E-21 1175 1.788E-20 10000 4.19E-20
631 7.785E-21 1200 1.824E-20
638 7.94E-21 1225 1.861E-20

645.2 8.099E-21 1252 1.898E-20
652.6 8.261E-21 1280 1.936E-20
660.1 8.427E-21 1309 1.974E-20
667.8 8.595E-21 1340 2.014E-20
675.7 8.767E-21 1372 2.054E-20
683.7 8.942E-21 1406 2.095E-20
692 9.121E-21 1441 2.137E-20

700.5 9.304E-21 1478 2.18E-20
709.2 9.49E-21 1517 2.224E-20
718 9.679E-21 1559 2.268E-20

727.2 9.873E-21 1602 2.313E-20
736.5 1.007E-20 1649 2.36E-20
746.1 1.027E-20 1697 2.407E-20
756 1.048E-20 1749 2.455E-20

766.1 1.069E-20 1804 2.504E-20
776.5 1.09E-20 1863 2.554E-20
787.2 1.112E-20 1926 2.605E-20
798.1 1.134E-20 1993 2.657E-20
809.4 1.157E-20 2065 2.711E-20
821 1.18E-20 2142 2.765E-20
833 1.204E-20 2225 2.82E-20

845.3 1.228E-20 2315 2.876E-20
857.9 1.252E-20 2413 2.934E-20
871 1.277E-20 2519 2.993E-20

884.5 1.303E-20 2635 3.053E-20
898.3 1.329E-20 2762 3.114E-20
912.7 1.355E-20 2902 3.176E-20
927.4 1.382E-20 3057 3.239E-20
942.7 1.41E-20 3230 3.304E-20
958.5 1.438E-20 3423 3.37E-20
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