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Summary

Experiments on streamer interaction with dielec-
tric surfaces

Surface discharges are currently an important limiting factor for the efficiency,
reliability and safety of high voltage applications. Although observed in various
applications and studies, fundamental understanding of the underlying physics
of this phenomenon is poor. In-depth discussions about the relevant parameters
governing the propagation and inception of discharges on insulating surfaces are
often incomplete or lacking.

In this work, we experimentally investigated the interaction between pulsed
positive discharges in air and nitrogen with dielectric surfaces. We focussed on
the streamer-like initial stage of the discharge. Below we summarize the most
important results from our experiments.

Comparison with model

We performed stroboscopic ICCD imaging on pulsed positive discharges in air
near a dielectric rod. This allowed us to, for the first time, study the temporal
and spatial evolution of streamers that propagate through the bulk gas and along
a dielectric surface simultaneously. We used a cylindrically symmetric discharge
gap and only studied discharges that maintained their cylindrical symmetry, in
order to be able to compare our results with the outcome of a 2D fluid discharge
model. This model also uses cylindrical symmetry. Both experimentally as well
as numerically, we did not observe surface discharges as long as the cylindrical
symmetry of the discharge was maintained. Discharge morphology and velocity
agree well between the experiments and the simulations.

We attribute the lack of surface discharges to self-repulsion of the discharge
near a relatively thin rod and to the abundance of photoionization in air. Ex-
periments show that surface streamers may form as soon as the symmetry of the
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discharge is broken (i.e. when the discharge becomes filamentary).

Surface affinity

We conducted an in-depth investigation of the relevant parameters governing the
affinity of streamers for dielectric surfaces. Although various papers have re-
ported surface streamers, it was still mostly unclear which parameters ultimately
determine if the streamer propagates along the dielectric surface or not. We used
(stroboscopic) ICCD imaging to study the behavior of discharges in the vicinity
of dielectric surfaces.

We found that surface streamers are much more likely in pure nitrogen than
in air, most likely due to the lack of photoionization in nitrogen, which makes
electron emission from the surface more important. Moreover, we found that po-
sition and permittivity of the sample play an important role, as they determine
the magnitude and the direction of the (background) electric field in the vicinity
of a dielectric sample. We also found that surface affinity increases with pres-
sure. According to scaling laws, all relevant streamer length scales are inversely
proportional to pressure. Since the sample does not scale, field enhancement
due to dielectric polarization will play a more important role at higher pressures.
Moreover, we found that surface streamers are more likely at lower voltages. We
attribute this to the increased relative contribution of the surface to free electron
production.

Surface charges

We used the Pockels effect (in combination with ICCD imaging) to measure the
electric field induced by surface charges deposited by a surface discharge. With
this technique, we were able to investigate the magnitude of surface charges with
high temporal and spatial resolution. We also studied the lifetime of surface
charges.

In our experiments, we observed positive charges in channels on the crystal
surface almost instantly after a (positive) discharge propagated along it. This
indicates that the surface releases electrons that may facilitate discharge propa-
gation. In some areas we also observe negative surface charges, most likely due
to the presence of negative streamers. Surface charges disappear after approx-
imately 1 ms, which is much faster than was reported in other papers. This is
possibly caused by photoconductivity of the crystal. Finally, our results seem
to indicate that there is an optimal distance between the anode needle and the
crystal, where streamers propagate the furthest.

Additionally, the Pockels effect was critically reviewed as a method to probe
electric fields. Using the insights from this review, we propose new measure-
ment techniques that would allow us to measure the magnitude and direction of
the electric field in 3D. However, we also found that the temporal and spatial
resolution of this method is limited by the exposure time and crystal thickness.
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The uniform-field approximation, used in several papers to interpret experimental
data, may lead to an underestimation of the local surface charge density.

EUV/VUV emission

Extreme and vacuum ultraviolet emission (EUV/VUV) of discharges in air, ni-
trogen and oxygen is crucial for photoionization. Despite the fact that many
streamer models assume that molecular oxygen is mostly photoionized by radi-
ation from several molecular nitrogen singlet states, this has never been shown
experimentally. Mostly, this is due to the difficulties associated with measuring
EUV and VUV emission, which is strongly absorbed in air.

Using a technique where the entire system is kept under vacuum, but a small
puff of gas is released around the discharge gap, we were able to spectroscopically
measure emission in the 90-160 nm region of spark discharges in air, nitrogen
and oxygen. Our results clearly show that emission around the threshold for
photoionization (∼102.7 nm) is significantly higher in nitrogen and air than in
oxygen. This indicates that this emission originates from molecular nitrogen,
since no ionic or atomic transitions are to be expected in this region.

In follow-up measurements, only emission from the c
′1
4 Σ+

u band (the Carroll-
Yoshino band) was observed. Possibly, the b1Πu and b

′1Σ+
u (Birge-Hopfield I and

II) singlet states suffer from high predissociation, limiting their contribution to
photoionization.
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Chapter 1
Introduction

1.1 ”Creeping sparks”

Sparks are discharges that occur in many situations in nature as well as in high
voltage (HV) applications. A spark can occur between two bodies at a high
potential difference. When an ionized channel is formed between the two bodies,
current through this channel will increase rapidly. This current can be limited by
the available charge (e.g. in lightning) or by the power supply. If the system is
capable of sustaining a high current, the spark becomes a continuous discharge,
i.e. an electric arc. As a result of the high currents associated with sparks and
electric arcs, they often have a destructive effect on their surroundings. In many
HV applications, it is therefore crucial to prevent the formation of sparks.

Solid insulation is often used to cover conducting parts, both for insulation as
well as for structural support. However, this solid insulation cannot always pre-
vent sparks. In many cases, sparks are observed to creep over insulator surfaces,
hence the name ”creeping sparks”. These creeping sparks often propagate faster
and further than sparks through gases or liquids. Moreover, they often seem to
deviate from the (background) electric field lines. Figure 1.1 shows an example
of a spark forming and propagating along the surface of an insulating epoxy rod
with two embedded electrodes. In literature, the terms surface flashover and sur-
face discharge are often used to refer to the same phenomenon [1–7], and are used
interchangeably throughout this thesis. Creeping sparks are one of the limiting
factors in the reliability and efficiency of many high voltage applications. In HID
lamps for instance, they may lower efficiency of the lamp and cause blackening
of the transparent container. In applications concerning the distribution and
transmission of power, they may damage equipment and cause power outages.

Although creeping sparks are often observed [1,2,6,7,9–13], fundamental un-
derstanding of it is poor. The lack of physical understanding of this phenomenon
means that currently empirical design rules are often used to prevent this type
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CHAPTER 1. INTRODUCTION

Figure 1.1: Example of a spark creeping along the surface of an insulating epoxy
rod (1) with two embedded electrodes (2). The discharge develops on the epoxy
rod surface, without contact with the embedded electrodes. A 1.2/50 µs lightning
impulse according to the IEC 60060 standards was used in this experiment. Image
taken from [8].

2



1.2. STREAMERS

of discharge [14, 15]. However, this limits the optimization of the reliability and
efficiency (in terms of size and material usage) of these devices. To allow for
knowledge-based design optimization, a better understanding of creeping sparks
is needed. Sparks are preceded by streamers, that create the ionized channel that
is necessary for a spark to form. Consequently, the breakdown path of a spark is
largely determined by the streamer’s inception and propagation. Therefore, we
study streamers near insulating surfaces.

1.2 Streamers

Streamers are frequently the first stage of a transient discharge generated by
high electric fields. In such a high field, free electrons are accelerated and strike
molecules or atoms (neutrals) of the surrounding medium. If the electron energy
is high enough, the neutral will be ionized and a second free electron will be
released. The freed electron also accelerates and this process repeats itself to form
a multitude of so-called electron avalanches. The electron avalanches eventually
form a conductive region. At some point, the space charge created by the electron
avalanches starts to influence the electric field. The conducting channel (plasma)
shields its interior with a space charge layer. The curved end of the conducting
channel will cause an enhancement of the local electric field in front of the channel
head. This further enhances the formation of new electron avalanches towards
the channel head. As a result, the channel grows. Due to the field enhancement
at the end of the channel, the discharge can propagate in regions where the
background electric field would otherwise not be high enough (i.e. below the
breakdown field). In many cases, streamers propagate roughly in the direction of
the background electric field.

We can distinguish between negative and positive streamers, generated by
negative and positive high voltage polarity of the channel, respectively. Streamers
typically propagate at velocities in the order of 105-106 m/s. At these timescales,
heavy particle motion (i.e. ions and neutrals) at the streamer tip does not
play a role and electron motion determines streamer propagation. For nega-
tive streamers, electrons (and electron avalanches) travel in the same direction
as the streamer itself. For positive streamers, the opposite is true. Due to their
positive polarity, electrons move towards the streamer head (and opposite to the
streamer’s propagation direction). An important implication is that negative
streamers do not require a source of free electrons in front of the streamer head,
whereas positive streamers do.

In air, a streamer can locally produce free electrons through photoioniza-
tion. In this process VUV-photons, emitted by excited molecular nitrogen in the
streamer head, directly ionize molecular oxygen. Consequently, this process will
only take place in mixtures where nitrogen and oxgyen are present. In pure gases,
the effect of photoionization decreases drastically and the streamer becomes more
dependent on other free electron sources. This dependence on free electrons can
sometimes cause streamers to behave more stochastically, or cause them to devi-
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CHAPTER 1. INTRODUCTION

ate from the (background) electric field lines, to regions where free electrons are
more readily available [16].

Possibly, an insulating surface may also provide free electrons through photon
impact (photo-emission), electron impact (secondary electron emission) or due to
field emission. This could cause a streamer to deviate from the electric field lines
and propagate along an insulating surface. Additionally, a dielectric material
will alter the electric field through polarization, possibly influencing streamer
propagation. Surface charges on the dielectric surface may also influence the
electric field.

Once a streamer bridges the gap from one electrode to another, it forms a
conducting path between them. This may eventually lead to a spark, if the
potential difference between the electrodes stays high and the system is able to
provide enough current. In controlled environments however, we can prevent
this transition by limiting the current or by using sufficiently short high voltage
pulses.

On the timescales on which a streamer typically takes place, gas heating is
usually negligible, making a streamer a cold plasma. Consequently, streamers
can be used to very efficiently clean gases or water, for surface treatment or even
in biomedical applications (e.g. to disinfect wounds). In this work however, we
focus on understanding streamers in order to be able to prevent them, as this
will ultimately prevent detrimental breakdown.

1.3 A first glimpse of streamers

Because streamers play a crucial role in the formation of creeping sparks, we
want to experimentally investigate their behavior in the vicinity of insulating
surfaces in a controlled environment1. Therefore, we started studying streamers
in a 16 cm needle-to-plane gap. A stainless steel sample holder containing an
epoxy resin rod (4 mm in diameter) was placed on the grounded cathode plane,
in such a way that the top of the rod is 6 mm below and 35 mm to the side
of the (anode) needle. The entire setup was placed in a gas-filled vessel (see
section 2.2.1), containing ambient air at pressures between 40 and 100 mbar. We
apply pulses of 10-17 kV to the needle anode (see 2.3.2) to generate streamers.

Because of their stochastic behavior, we require a method that allows us to
study the temporal and spatial evolution of a single discharge. We use stro-
boscopic ICCD imaging for this purpose. In this technique, we image a single
discharge, but take multiple exposures within this image. Effectively only the
streamer head emits light, so we basically image the discharge at several points
in time, but within one image. Stroboscopic ICCD imaging was used before by
Pancheshnyi et al. [17] to study streamers, however in their experiment the num-
ber of gating cycles was limited to 6 due to the high velocity of the discharge and

1This section is based on Trienekens, D.J.M., Nijdam, S. & Ebert, U. Stroboscopic Images
of Streamers Through Air and Over Dielectric Surfaces. IEEE Trans. Plasma Sci. 42, 24002401
(2014).
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the narrow gap. We used this technique to study streamers with lower velocity in
a larger gap, allowing up to 20 gating cycles. This enables us to study discharge
phenomena like branching, the inception cloud and surface streamers in more
detail. For more detail on this method, see sections 2.4.1 and 2.5.

Figure 1.2 shows several stroboscopic images of streamers in air and over
insulating surfaces for various pressures and voltages. The intermittent intensity
pattern observed in all of the images in figures 1.2a-e is a result of the stroboscopic
gating of the camera, illustrated in figure 1.2f. Except for figure 1.2d (33 MHz,
30 ns apart), subsequent gates are always 20 ns apart, with a 10 ns on-time.
Hence, the distance between maxima in intensity is proportional to the velocity
of the discharge. In all of the stroboscopic images, the behavior of the discharge
is similar. We can observe three different parts of the discharge (indicated in
figure 1.2a). Initially, the discharge expands rapidly, forming a spherical cloud
around the tip which later becomes a spherical shell (indicated with 1 in the
image). This phase is typical for discharges in air and is called the inception
cloud [18–22]. As can be seen in figure 1.2e, this inception cloud seems to stagnate
before it breaks up into several bulk gas streamers (indicated with 2 in the image).
Bulk gas streamers that encounter the dielectric rod, start to propagate along its
surface (indicated with 3 in the image).

In all of the stroboscopic images in figure 1.2, the velocity of the surface
streamer is clearly higher than that of the inception cloud or the bulk gas stream-
ers. From the maxima in intensity, we find that this velocity can be twice as high
as the velocity of bulk gas streamers. Apparently, streamers that encounter the
surface start to propagate along it. Moreover, the surface seems to facilitate the
propagation of the streamer, as is evident from its increased velocity. This finding
leads to three important research questions for this work.

1. Why (and under which conditions) does a streamer prefer to propagate
along insulating surfaces?

2. Once a surface streamer is formed, how does the surface facilitate its prop-
agation?

3. Can we reach agreement between our experimental findings and a surface
streamer model?

All questions focus on understanding the physics behind surface streamers. We
want to identify the most important parameters that cause streamers to prop-
agate along insulating surfaces (or not). The last question aims at translating
this knowledge to a model that can accurately predict streamer behavior near
insualting surfaces. These three research questions form the motivation for this
thesis.
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Figure 1.2: Stroboscopic images of streamers through air and over insulating
surfaces in air for various pressures and voltages are presented in panels a-e. The
anode tip and the dielectric rod are marked in white. The repetition rate of
the discharges was 3 Hz. A typical voltage pulse and the monitor output of the
intensifier are presented in panel f. Streamers visible in the top of the image
originate from the needle holder. They do not influence the streamer originating
from the needle tip to the best of our knowledge.
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1.4 Thesis outline

In this work, we experimentally investigate the interaction between streamers and
(solid) insulating surfaces. We focus on positive streamers, since they generally
form easier and tend to propagate further than their negative counterparts. We
believe that positive streamers are more likely to ultimately lead to breakdown
and are thus more relevant to this study. We generate these positive streamers
in a controlled laboratory environment to be able to vary several experimental
parameters. In most of the experiments, we use (stroboscopic) ICCD imaging to
study the discharge behavior.

Ultimately, the results of this work can have several applications: it can aid the
inclusion of insulating materials into streamer models, lead to better design rules
for high voltage applications and improve streamer applications where insulating
surfaces play an important role. Moreover, fundamental understanding of the
interaction between streamers and dielectrics can increase our understanding of
various meteorological phenomena.

This thesis consists of 7 chapters, including this introduction. In chapter 2,
our experimental setup is described. Our results are presented in chapters 3 to
6, followed by the general conclusions and recommendations in chapter 7. Below,
the chapters containing the experimental results are described in more detail.

Chapter 3: Pulsed positive discharges in air near a dielectric rod

In this chapter we study the interaction between pulsed positive discharges in
air and a dielectric rod in a cylindrically symmetric geometry. The cylindrical
symmetry allows us to compare experimental results with the results of a 2D
simulations in a cylindrical symmetry. A fluid discharge model, developed by
Anna Dubinova (CWI Amsterdam) is used to simulate streamers in this geom-
etry. In the experiments, we use stroboscopic ICCD imaging to experimentally
investigate discharge propagation. We vary properties of the dielectric to study
the influence on the discharge and discuss the behavior of the discharge. We also
discuss the agreement between the experimental and numerical results.

Chapter 4: Streamer affinity for dielectric surfaces

In this next chapter we study the affinity of streamers for dielectric surfaces. In
other words, when and why do streamers propagate along insulating surfaces?
We present an extensive study on the parameters that influence surface affinity
and discuss their influence. As of yet, it is unclear what mechanisms cause
a streamer to sometimes deviate from electric field lines to propagate along a
dielectric surface.

Chapter 5: The Pockels effect as a field-probing method

Here, we extensively review the Pockels effect as a method to probe electric
fields inside dielectric surfaces. What are the possibilities of this method? What
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limitations should be taken into account? We use the Pockels effect to study the
surface charges caused by surface streamers, in order to gain more insight in the
processes that govern surface streamer propagation.

Chapter 6: EUV and VUV spectroscopy of spark discharges

In this chapter we use extreme and vacuum ultraviolet (EUV and VUV) emission
spectroscopy on spark discharges in air, nitrogen and oxygen to study the role
of photoionization. Emission in this region is extremely hard to measure due
to the high absorption in air, but also very relevant to photoionization, since
molecular oxygen can be ionized directly at 102.7 nm. This part of the research
was performed at Texas Tech University in Lubbock, Texas, at the Center for
Pulsed Power & Power Electronics, led by professor dr. Andreas Neuber.
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Chapter 2
Experimental setup

2.1 Introduction

In this chapter, we discuss the setups used for the ICCD imaging experiments.
We start by describing the individual components of the setup. First, the vessels,
in which the experiments were performed, are described. Next, the circuits used
to generate high voltage pulses are discussed. After this, we elaborate on the
diagnostics used in the experiments. Finally, the timing of the setup is discussed.

2.2 Vessels

We study streamers at various pressures and gas compositions, necessitating a
closed vessel. In general, we performed two types of experiments, namely

1. experiments in air where samples (and their position) had to be changed
often;

2. experiments that required high gas purity.

It was most convenient to perform these experiments in two different vessels, as
opening the vessel many times to introduce new samples inherently compromises
gas purity. We will now refer to these vessels as the versatile vessel and the high
purity vessel. Both vessels have several feedthroughs installed for diagnostics
inside the vessel and are equipped with quartz windows. We use quartz because
its transparency in the UV allows us to image the UV emission of discharges.
The second positive system (SPS) of molecular nitrogen (∼250-400 nm) is known
to be the dominant contributor to emission in air and nitrogen [23–26].
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Figure 2.1: Schematic drawing of the pulse forming circuit for the C-supply, used
in combination with the versatile vessel. Typical values for the capacitor and
resistors were C1 = 1 nF, R1 = 25 MΩ, R2 = 100 Ω, and R3 = 1 kΩ.

2.2.1 Versatile vessel

For the experiments performed in ambient air, we use a stainless steel vessel with
an inner diameter of ∼500 mm and height of ∼600 mm. This vessel was used by
Voeten [12] in his experiments. At the top flange of the vessel, a high voltage
(HV) vacuum feedthrough is mounted. Inside the vessel, the HV part is sur-
rounded by plastic to prevent the inception of parasitic discharges. When it was
discovered that parasitic discharges would still occur under certain conditions,
this feedthrough was later replaced by an elongated version. Figure 2.1 shows
a schematic drawing of the vessel and the HV feedthrough. The feedthrough is
fixed to a 10 mm metal needle holder that holds a 1 mm thick tungsten needle
(shown enlarged in figure 2.1). The end of this needle has a tapered tip with
a sharpness of ∼ 10µm. This needle is placed approximately 16 cm above a
grounded cathode plate.

To pump the vessel down to a reduced pressure, we used a Pfeiffer Duo 5 Ro-
tary Vane Pump. This pump is specified at an ultimate pressure of 2 ·10−2 mbar,

10



2.3. PULSE FORMING CIRCUITS

which is sufficiently low to reach the typical pressures at which we perform exper-
iments (down to ∼25 mbar). Later, this pump was replaced by a Pfeiffer Duo 20
M Rotary Vane Pump. We monitor the pressure inside the vessel using a Balzers
pressure gauge. In most of the experiments, we used ambient air.

2.2.2 High purity vessel

In some of the experiments, high purity gases were required, as it was shown
earlier that small degrees of impurity (e.g. O2) can significantly change the
streamer properties [27]. The high purity vessel was used before by Nijdam
[22, 27–29] and is describe in more detail in his PhD thesis [23]. The impurity
levels in this vessel are below 1 ppm. This is achieved by keeping the entire
system, from gas cylinder to the pumping system, closed as much as possible.
The vessel was only opened a few times to introduce a few dielectric samples,
and this was done at a slight overpressure to prevent ambient air from entering
the vessel as much as possible. In this vessel, experiments in pure nitrogen (less
than 1 ppm impurity) and artificial air were performed. Artificial air is a mixture
of 80% nitrogen and 20% oxygen, with less than 1 ppm impurities in the form of
other gasses (e.g. H2O).

To ensure the high purity of the system, a specific experimental procedure is
followed. First, the system is filled and evacuated once or twice to remove traces
of gases used in previous experiments or impurities. During experiments, a mass
flow controller is used to continuously allow a (small) gas flow into the vessel. A
pressure control valve in combination with a Pfeiffer Diaphragm Vacuum Pump
(MVP 160-3) is used to keep the pressure constant. The continuous flushing of
the vessel also increases gas purity. After the experiments are concluded, this
roughing pump is used to pump the system down to a pressure of ∼10 mbar,
where a Pfeiffer Compact Turbo TurboDrag Pump (TMH 261 P) is used to
pump the pressure down to pressures of ∼ 10−7 mbar. Between experiments, the
system is kept at this low pressure and the turbo-molecular drag pump is always
on.

2.3 Pulse forming circuits

In the experiments, we used two different pulse forming circuits. Typically, we
used +5-25 kV pulses in the range of ∼ 102 − 103 ns with rise times in the
order of 10-100 ns. We used a Northstar PVM1 high voltage probe with a 1000:1
divider ratio and a bandwidth of 80 MHz to measure the voltage pulse on the
anode tip. Initially, we used a C-supply (similar to those used by Nijdam [23] and
Briels [30]), whereas later we used a push-pull switch to discharge a capacitor.
In the following section, both pulse forming circuits are discussed.
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2.3.1 C-supply

A schematic drawing of the circuit used for the C-supply is shown in figure 2.1.
In order to generate a HV pulse at a certain voltage +U0, we charge capacitor
C1 (1 nF) through load resistor R1 (25 MΩ) with an equal but negative DC
voltage −U0. Then, we trigger the spark gap, which serves a fast switch, to
quickly ground the left side of C1 through R2. Consequently, the right side of C1

quickly goes to +U0. Resistors R2 and R3 are used to tune the pulse rise and fall
times, respectively. Although R2 = 0 would create very short rise times, we also
observed a lot of oscillations in the voltage in this case. Consequently, we used
R2 = 100 Ω as a minimum. R3 was usually set at 1 kΩ. Lastly, R4 was used
for a current measurement. A Pearson 6600 current monitor (0.1 V/A, 5 ns rise
time) was installed to monitor the current.

Figure 2.2 shows a schematic drawing of (a cross section of) the spark gap
used in our experiments. We trigger our spark gap by providing a transistor-
transistor logic (TTL) trigger pulse to a custom thyristor spark gap trigger box
designed and built in-house by technician Huib Schouten. This box then supplies
a ∼10 kV pulse to the trigger pin within the grounded electrode, creating a small
spark between the pin and the grounded electrode. This triggers breakdown of
the spark gap (between the grounded electrode and the HV electrode), closing the
switch. We operate the spark gap at an overpressure of nitrogen. By regulating
the pressure, we can control the breakdown voltage [31]. We set the pressure to a
value where the spark gap almost breaks down spontaneously, so that it rapidly
breaks down once the trigger pulse is applied. This is much more convenient
than changing the electrode distance every time a different voltage is required.
Additionally, by using nitrogen instead of air we prevent corrosion of the brass
electrodes.

Throughout the experiments, we varied the amplitude and the rise and fall
time of the HV pulse to best fit our experiments. Typically, we used a rise time
of several tens of ns, which was deemed a reasonable trade-off between a short
rise time and suppression of oscillations. Shown in figure 2.3 is a typical voltage
pulse. In this case, we used R2=100 Ω and R3=1 kΩ. We can calculate a typical
RC-time for the discharging of the capacitor C1=1 nF (i.e. the fall time), which
in this case would equal (R2 + R3)C1 = 1.1µs. In figure 2.3, we also plot a fit
U0 exp(−t/τ) with U0 and τ being the fit parameters. We then find τ = 1.1µs,
which agrees very well with the theoretical RC-time.

2.3.2 Push-pull switch

In some of the experiments, we used a Behlke HTS 401-10-GSM push-pull switch
as a fast switch to discharge a capacitor. The entire circuit used to generate
HV pulses is presented in figure 2.4. In this system, the pulse length is fully
determined by the length of the TTL trigger pulse. When the TTL trigger is
high, switch A closes and B opens to create the HV pulse. After the TTL trigger
pulse ends, A opens and B closes again and the output is grounded. Two resistors
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Figure 2.2: Cross section of the spark gap used in the C-supply. A ∼10 kV trig-
ger pulse is applied to the needle within the grounded electrode. The resulting
discharge causes a full breakdown in the spark gap, closing the switch. Break-
down voltage is regulated by controlling the nitrogen pressure inside the closed
container.
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Figure 2.3: Typical voltage pulse for the C-supply with a discharge event inside
the vessel. In this case, a ∼21 kV pulse with a rise time of 24 ns (10-90% of the
maximum voltage) is plotted. We also plot a fit of the exponential decay after
the pulse reaches its maximum amplitude to find an RC-time of 1.1µs.
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Figure 2.4: Schematic for the circuit used with the Behlke HTS 401-10-GSM
push-pull switch. The switch is depicted as the grey area. Capacitor C1 is
charged with a positive DC voltage U0. Within the switch, two identical MOS-
FET switching paths are present. In the absence of a trigger signal, switch A
is open and switch B is closed. When the TTL trigger is high, A closes and B
opens, and the voltage at the output goes to U0. Once the TTL trigger becomes
low again, A opens and B closes again, grounding the output and stopping the
pulse. Two identical resistors R1 are in place to limit the current through the
system.

R1 are in place to limit the current through the system. The shortest pulse length
that can be achieved with this system is approximately 300 ns, with the shortest
possible rise and fall time ∼ 50 ns and ∼ 100 ns, respectively. The maximum
pulse length is limited only by the RC-time of the discharge gap and C1.

2.4 Diagnostics

To investigate pulsed positive discharges, we image their optical emission onto a
camera. The short emission times of less than 2 ns for streamer heads in nitrogen
and air [20,32,33] mean that effectively, only the streamer head emits light. Be-
cause of the short time scales and low light intensities, intensified CCD (Charge-
Coupled Device) imaging is needed to be able to image the discharge. Throughout
our experiments, we used two different ICCD camera systems. Firstly, we used
the LaVision PicoStar HR 12 for stroboscopic intensified CCD imaging. Secondly,
we used a Stanford Computer Optics 4 Quick E for normal ICCD imaging. Below,
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Figure 2.5: Typical voltage pulse for the circuit using the push-pull switch. In
this case, a ∼18 kV pulse with a rise time of 50 ns (10-90% of the maximum
voltage) is plotted. In this case, the trigger pulse was 200 ns long.

we discuss the details of both systems.

2.4.1 Picostar HR 12

The PicoStar HR 12 is an ICCD camera system capable of stroboscopic imag-
ing with gate widths less than 300 ps. The CCD image array has a resolution
of 1370 × 1040 pixels and is sensitive in the region 190-800 nm (peak around
500 nm). Images are recorded in 12 bit grey-scale. Stroboscopic imaging is a
technique where a single image is recorded, but within this image multiple (sepa-
rate) exposures are taken. The HR 12 is capable of doing this by actively enabling
and disabling the intensifier at frequencies up to 110 MHz. Additionally, it has
the option to modulate the intensifier gain at frequencies up to 1 GHz. In our
experiments, we generally used a frequency of 50 MHz for stroboscopic imaging.
In order to do this, we supply a short train of trigger pulses to the intensifier,
timed to coincide with the relevant part of the discharge. More details on the
timing of the setup are given in section 2.5. We used the Picostar HR 12 in
combination with two lenses: a 105 mm, f/4.5 UV Nikkor lens and a 55 mm,
f/3.5 UV lens (unbranded).

2.4.2 4 Quick E

The Stanford Computer Optics 4 Quick E ICCD camera is an ICCD camera
capable of gating times down to 2 ns. It has a 1370 × 1024 pixel resolution and
records images in 14 bit grey-scale. We used this system with the 105 mm, f/4.5
UV Nikkor lens to study discharge propagation. It was also used in the Pockels
effect setup, described in chapter 7.

15



CHAPTER 2. EXPERIMENTAL SETUP

2.5 Timing

In order to study transient discharges like streamers using ICCD imaging, timing
the camera is crucial. It is important to note that ICCD cameras often require
two separate triggers: one for the actual exposure of the CCD (i.e. the shutter
control), and one for the intensifier gate. When the shutter is open, emission
is recorded only when the intensifier gain is high enough or if emission is very
strong. In our experiments, the latter is never the case if we limit the voltage
pulse to prevent sparks, meaning we only record emission when the intensifier
gate is high. Since the shutter is generally too slow to allow for exposure times in
the order of ns, the intensifier gate effectively determines the imaging time. For
both camera systems described earlier, we use a relatively long CCD exposure
(in the order of ms) and time the intensifier gate to coincide with the discharge
event.

In the PicoStar HR 12, a central trigger is issued by the Programmable Timer
Unit (PTU), which is embedded in the PC controlling the camera. This trigger
determines the CCD exposure and sends a trigger to a Highland Technology P400
4-channel digital delay and pulse generator. We use this delay generator to time
the high voltage pulse and the intensifier gate(s). Figure 2.6 gives an overview of
the timing of the setup. The timing can be explained as follows:

• The PTU sends the central trigger to the CCD and to a Highland Technol-
ogy P400 delay generator at t0. The CCD exposure time is 20 ms.

• The delay for the HV pulser (channel A) is chosen such that the CCD is
exposed when the HV pulse is generated. The beginning of the voltage
pulse is defined as t1.

• The delay generator triggers the TU/e DACS trigger box, which in turn
sends a train of N pulses, 20 ns apart, to the high rate intensifier (HRI).
The trigger box was designed and built by Gerard Harkema, and can be
programmed to send a fixed number of trigger pulses at a fixed frequency.
In most of the experiments, we used a frequency of 50 MHz. The delay for
channel B is chosen such that the first stroboscopic gate coincides with the
beginning of the discharge.

• Assuming a frequency of 50 MHz, the HRI is enabled for 10 ns and dis-
abled for 10 ns N times, leading to a total gate width of N times 20 ns.
Stroboscopic gating is stopped as soon as the positive discharge reached
the cathode, to prevent the imaging of secondary streamers, as this could
nullify the stroboscopic effect.
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Figure 2.6: Diagram explaining the timing of the setup. The programmable timer
unit (PTU) in the camera system sends out the central trigger pulse. This pulse
triggers the CCD exposure. Through delay generator (DG) channel A, the HV
pulser is also triggered. Channel B is used to trigger a TU/e DACS trigger box,
which can be programmed to send N pulses at a frequency of 50 MHz to the
High Rate Intensifier (HRI). The TU/e DACS box can be bypassed to allow for
regular ICCD imaging. Below, the relevant times are shown (not to scale).
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Chapter 3
Pulsed positive discharges in air
near a dielectric rod

3.1 Introduction

This chapter is a slightly adapted version of a paper that was recently submitted
to Plasma Scources Science and Technology 1. The modelling work described
in this chapter has been performed by Anna Dubinova of CWI Amsterdam. All
experiments were performed at the Eindhoven University of Technology.

3.1.1 The problem

The dynamics of a corona discharge near a dielectric is still poorly understood
and lacks quantitative prediction despite multiple experimental and theoretical
studies [9, 10, 34, 35]. Empirically, it is well known that discharges developing
near dielectric materials are often precursors to surface discharges that damage
the insulation and eventually lead to the dielectric breakdown. This detrimental
effect is one of the limiting factors in high voltage technology [36, 37], which
necessitates further studies of discharges near dielectrics.

In several experiments, streamer discharges were observed to have an affinity
to propagate along dielectric surfaces rather than through the background gas
only [2,6,9,11,38,39]. This affinity for a dielectric surface was reported to depend
on gas composition [2, 39], pressure [12], discharge gap geometry [10] and the
properties of the dielectric [6, 11, 34]. Therefore, it is a challenge to understand
the physics of discharge interaction with dielectrics due to the interplay and

1Dubinova, A., Trienekens, D., Ebert, U., Nijdam, S. & Christen, T. Pulsed positive corona
discharges in air near a dielectric rod: experiments and simulations. Plasma Sources Sci.
Technol. Submitted, (2016).
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competition of a large number of mechanisms and parameters. Another challenge
stems from the intrinsically three-dimensional dynamics of streamer discharges
near a dielectric surface, which can rarely be described with a two-dimensional
model.

Setups similar to ours have been studied before, for example in [6,11], where
two types of streamers in the discharge are identified. One propagates along
the surface of a dielectric rod — the surface streamer, and the other streamer
propagates in the surrounding bulk air. These two streamers of the discharge
exhibit different properties. The streamer in the bulk air propagates slightly
slower than it does in the absence of the rod. Besides, its velocity in the presence
of the rod is almost independent of the dielectric properties of the rod. The
surface streamer propagates significantly faster than the streamer in air, and
its velocity depends on the dielectric permittivity of the rod and the surface
properties. In general, higher velocities are reported for surface discharges also
in other setups [1, 7, 10, 38]. However, since the properties of the surface are
complex and largely unknown, no clear dependence on the parameters has been
established.

3.1.2 Our cylindrically symmetric set-up

In the present study, we designed a cylindrically symmetric setup that can be re-
alized both in experiments and in simulations. In this manner, the cylindrically
symmetric simulation can be compared quantitatively with the experiment, as
long as the actual experimental discharge does not break the cylindrical symme-
try.

The geometry of our setup is shown in Fig. 3.1. A cylindrically symmetric
electrode needle with a sharp tip is placed at a short distance right above a
long cylindrical dielectric rod. The rod touches or is embedded into a grounded
electrode (for simulations or experiments, respectively). Experiment or simula-
tions are performed in a large cylindrically symmetric conducting vessel that is
at ground potential as well.

A positive voltage pulse (see Fig. 3.2) is applied to the needle electrode and
a positive discharge emerges from the needle tip. Such a discharge in air without
the dielectric rod evolves in two stages. First a cylindrically symmetric inception
cloud is formed that due to a space charge layer at its expanding surface can
grow up to a maximum radius

Rmax = U/Ec, (3.1)

where U is the applied potential and Ec is the breakdown field, assumed to
scale as inverse pressure. This cylindrically symmetric inception cloud then can
destabilize and break up into separate streamer filaments that then obviously
break the cylindrical symmetry. Inception cloud and breakup into streamers is
described in [18,21].
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Figure 3.1: Schematic drawing of the experimental setup placed inside a grounded
vessel. The dielectric rod is placed directly under the needle.

In the present study, we added a dielectric rod on the axis closely below
the electrode needle. We expected that the dielectric surface would attract the
discharge and maintain the cylindrical symmetry. In order to achieve this goal,
we made use of the Townsend scaling of the discharge size with pressure (e.g.,
for review see [40]). We thus chose the air pressure so low that the size of the
discharge was larger than the diameter of the rod (4 mm in our setup) [41, 42].
That means that the pressure had be lower than about 150 mbar.

When the streamer diameter was much smaller than the rod diameter (at
higher air pressure), we expected beforehand, that the symmetry would be broken
and the streamer would propagate only at one side of the rod, and this happened
indeed. However, when the streamer diameter was much larger than the rod
diameter (at lower air pressure), it did not propagate over the rod either, neither
in a symmetric nor in an asymmetric way.

In this paper, we report and evaluate these experiments and the simulations
with cylindrical symmetry, and offer our interpretation.

3.1.3 The role of photo-ionization and photo-emission

In our work, we study positive discharges exclusively, because they are more easily
producible and controllable in experiments and they are more critical for appli-
cations. However, they are more sensitive to sources of free electrons. Positive
streamers need free electrons some distance ahead in order to propagate. Among
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Figure 3.2: Voltage pulse. The red curve indicates the voltage pulse used in ex-
periments. The black line shows the voltage pulse used in simulations. Discharges
are simulated only on the rising slope of the voltage pulse.

the sources of free electrons are photoionization in air and photon induced sec-
ondary electron emission from the dielectric surface (henceforth referred to as
photoemission). These sources can be considered nonlocal on the timescales of
interest.

Photoemission induced by low energy photons has long been considered a
candidate that facilitates streamer propagation along dielectric surfaces and (ul-
timately) causes a breakdown [2,43]. The nonlocal nature of photoemission plays
an important role here. The required photon energy for this process is low com-
pared to the energy needed for photoionization: typically <10 eV [2,44,45] com-
pared to 12 eV for photoionization. As a result, the photons are absorbed less
in air and can travel larger distances, hitting and liberating electrons from a di-
electric surface far away from the head of streamer discharge. A large part of
our work is dedicated to studying the influence of photoemission. Other types of
secondary electron emission by ion, electron or metastable atom bombardment
are local phenomena within the discharge and thus of secondary importance.

Photoemission from the dielectric surface is a competitor to photoionization in
air, where photons produced by excited nitrogen molecules hit oxygen molecules
and liberate electrons. In pure gases like nitrogen, photoionization is suppressed,
and photoemission can be the dominant source of free electrons. In the absence
of photoionization, discharges are more localized in space and almost always fila-
mentary, and our 2D cylindrical approximation is no longer justified. Therefore,
in this paper we restrict ourselves to discussing discharges in air only.

Even when the 2D cylindrical approximation is valid, the setup is still complex
due to the interaction of the parameters at play. As mentioned above, the pressure
defines the size of the discharge both in the inception cloud phase and in the
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streamer phase. The photoionization length also scales inversely proportional
with pressure. At the same time, the parameters of our geometry do not scale
with pressure. They include the diameter of the rod and the gap between the
dielectric rod and the electrode. Besides, there are properties of the dielectric rod
that matter. They are the dielectric permittivity and the photoemission efficiency.
All the named parameters together influence the dynamics of discharge. And each
of the parameters controls a few mechanisms that compete or reinforce each other.
Therefore, the task of predicting the outcome of an experiment is challenging.

3.1.4 Chapter outline

In Section 3.2 we discuss the key concepts underlying the physics of a discharge
near a dielectric surface and describe the model that we developed in order to
simulate discharges in the same geometry as in the experiments. Then, in Section
3.3, we describe the experimental setup in detail as well as the experimental
results. Section 3.4 is dedicated to the comparison of our simulations with the
experiments. Section 3.5 is about the interpretation of the results, in which we
try to understand how some of the parameters of the setup affect the behavior
of a discharge in the presence of a dielectric rod. Finally, in Section 3.6, we draw
the conclusions.

3.2 Modeling and simulations

3.2.1 Physical model

We study positive streamer discharges in artificial air (80% N2 and 20% O2) at
75-150 mbar and 300 K by reproducing the experimental setup in cylindrical
needle-to-plate geometry (see Fig. 3.3). A needle electrode of fixed potential
and a dielectric rod are included into the simulation domain. The dielectric
permittivity of the rod was set to 4 and 8 in accordance with the experiments
in Section 3.3. The boundaries of the domain are sufficiently far away from the
area of streamer propagation and the electric field on the boundaries does not
influence streamer behavior.

In the simulations we consider a single voltage pulse from the repetitive dis-
charges of the experiments. The voltage rises from zero to 20 kV within 50 ns
and then slowly decreases as shown in Fig. 3.2. The repetition frequency of the
pulses is 1 Hz. In simulations, we study streamer development only on the rising
part of the voltage pulse.

3.2.2 Fluid model

We simulate discharges with the diffusion-drift-reaction model of streamer dis-
charges in local field approximation with cylindrical symmetry and with pho-
toionization included. For a review of fluid models for streamer discharges, see,
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Figure 3.3: The setup of cylindrically symmetric simulation domain for the
needle-to-plate setup with a dielectric rod placed directly under the needle. The
grayscale gradient on the anode illustrates that the voltage linearly drops from
an applied voltage on the needle to zero on the walls.

e.g., [46].
The equations are discretized on a static nonuniform grid. The grid is refined

in the area where a discharge is expected to propagate. The size of the finest grid
cells is 9 µm. Away from the area of streamer propagation grid cells quadratically
increase in size up to 0.5 mm on the top and side boundaries, and 5 mm on the
bottom boundary of the domain.

The transport and reactions of electrons are governed by the continuity equa-
tion for the electron density ne

∂ne
∂t

= ∇ · (neµe(E)E +De(E)∇ne)

+Si + Sph + Spe, (3.2)

where E is the electric field and E = |E|, Si is the effective impact ionization
source term (including 2- and 3-body attachment), Sph is photoionization in air,
and Spe is photon induced secondary electron emission from the dielectric rod;
De(E) and µe(E) are field dependent electron diffusion coefficient and mobility.
All transport and reaction coefficients are calculated with BOLSIG+ solver [47]
using Phelps database, retrieved on July 31, 2014. To all outer boundaries Neu-
mann boundary conditions are applied. Under the assumption that ions are
immobile (they would move 0.1 mm or 1 grid cell) on the timescale of streamer
development (the first 20 ns), a similar equation for positive and negative ion
densities N±i is given by

∂(n+
i − n

−
i )

∂t
= Si + Sph + Spe. (3.3)
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We assume that electrons, when reaching the dielectric rod, attach to the surface.
The electrons accumulated on the dielectric surface are treated as charge density
sitting in the surface layer which is one cell wide. Conceptually, this approach is
different from treating the surface charge as a surface boundary condition, but
in practice for a fine enough grid the difference is negligible. The electrons that
arrive at the dielectric surface do not leave it. No transport and no reactions
occur in the interior of the rod. The electrode is considered an ideal conductor.

3.2.3 Electric field

The electric field distribution E is calculated by solving Poisson’s equation for
the electric potential φ:

∇(ε0ε∇φ) = e(ne − n+
i + n−i ), (3.4)

E = −∇φ, (3.5)

where ε0 is the permittivity of free space, ε is the relative dielectric permittivity
of the dielectric rod, and e is the elementary charge.

The Ghost Fluid Method was used to accurately capture the boundary con-
ditions on the electrode and dielectric curved interfaces based on Refs. [48, 49].
Conceptually, any shape of an electrode and a dielectric can be rendered with
this method. For example, the rod is parameterized as a cylinder with a flat
top. The needle electrode in our simulations was parameterized as an ellipsoid
of revolution with a given radius of curvature and a length. Although, the shape
of the needle electrode differs from the one used in experiments, it essentially
does not influence the discharge propagation. The only purpose of the needle in
our experiments is to launch a discharge in an inhomogeneous field, but once the
discharge has started, its plasma screens the electrode shape and creates its own
self-consistent electric field enhancement at its surface. Therefore, we chose the
ellipsoidal shape for the sake of simplicity.

Dirichlet boundary conditions are used in the radial direction and on the sides
of the simulation domain. The bottom and the sides of the simulation domain
are grounded. Away from the needle in the radial direction the voltage decreases
linearly and reaches zero on the sides of the simulation domain (see Fig. 3.3). This
inhomogeneous Dirichlet boundary condition with the artificial linear voltage
drop at the top of the vessel turns out to be convenient in simulations, and
the exact shape of the radial drop has not significant influence on the streamer
discharge, because the needle tip is far away from the top of the vessel.

The Poisson equation is coupled to the transport equations. The electric
field is updated at every time step and its values are passed to the transport
equations. The time step varies and is restricted by the Courant-Friedrichs-
Levy criterion, dielectric relaxation and ionization time scales and is chosen in
accordance with [50].
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3.2.4 Photoionization in the bulk gas

Positive streamer-like discharges need a source of free electrons ahead of them
in order to propagate. In the bulk gas this source can be photoionization Sph
in Eq. (3.2) and Eq. (3.3) or background ionization (see Fig. 3.4). In our exper-
iments, the effect of the background ionization is negligible (see Section 3.2.7).
The photoionization in air is possible due to the photons produced in air by molec-
ular nitrogen. They are VUV photons of the 13-14 eV energy range (98-102.5
nm). Oxygen molecules absorb this radiation and produce free electrons [51].

We use the photoionization model developed for air in [52]. In that model,
the photoionization source term Sph is approximated with a weighted sum of the
solutions to elliptic equations, as follows

Sph =
pq

p+ pq
(A1Sph,1 +A2Sph,2), (3.6)

(∇2 − λ2
1,2)Sph,1,2 = −|Si|, (3.7)

where Si is impact ionization source term from Eq. (3.2), λ1,2 and A1,2 are
coefficients chosen to fit the experimental data and taken from [52] (with the
print errors corrected). The factor pq/(p+ pq) represents the effect of collisional
quenching, where p and pq are pressure and quenching pressure, respectively.
The parameters λ1,2 (proportional to the oxygen content and pressure) define
the characteristic length scale of photoionization or photoionization length. In
ambient air the photoionization length is about 1.3 mm, and at pressures 75-
150 mbar, it ranges from 8.7 mm to 17.3 mm.

In our model, photons and electrons produced by photoionization can be
created only outside the dielectric rod and the electrode, which are assumed
opaque to the photons considered. This means that the photoionization in some
areas is suppressed by shading.

3.2.5 Photoemission from the dielectric rod

A streamer discharge in air can be a source of visible and ultraviolet radiation with
photons of energies 2.27-4.63 eV (280-440 nm) which are produced by the second
positive system (SPS) of molecular nitrogen corresponding to the N∗2 (C3uu) →
N2(B3ug) transition. These photons are hardly absorbed in air. Radiation due
to the first positive system is dominant for sprite discharges in the thin air of the
terrestrial mesosphere [40,53] but quenched at higher pressures.

In order to write the kinetic equation of balance for N∗2 (C3uu), we need to
consider the reactions of impact and photo- ionization (3.8) and (3.9) and the
competing reaction associated with the interaction of the excited nitrogen with
other molecules, which leads to quenching of (3.10) and (3.11). In nitrogen-
oxygen mixtures these reactions read [17]:
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e+N2
kex−−→ N∗2 (C3uu) + e, (3.8)

N∗2 (C3uu)
1/τ0−−−→ N2(B3ug) + hν, (3.9)

N∗2 (C3uu) +N2

kN2
q−−→ products, (3.10)

N∗2 (C3uu) +O2

kO2
q−−→ products. (3.11)

where e represents the electron, and hν is energy of a photon emitted during
deexcitation. Further, kex is the rate of excitation reaction (3.8), τ0 = 42 ns is
the radiative lifetime, and kN2

q = 0.13 · 10−10 cm3/s and kO2
q = 3.0·10−10 cm3/s

are the quenching rate constants on the N2 and O2 molecules, respectively. The
dependence of the rate constant of electronic excitation on the reduced electric
field kex(E/N) was calculated using BOLSIG+ [47], and the lifetime and the
quenching rate constants were taken from [54].

The density of N∗2 (C3uu) in reactions (3.8)-(3.11) can thus be calculated by
solving the following kinetic equation [17]

d[N∗2 ]

dt
= kexne[N2]− [N∗2 ]

τ
. (3.12)

Here, τ is the total lifetime of the radiating state, defined as the inverse rate of
the three parallel decay processes, (i.e. via the sum of the three rates)

1

τ
=

1

τ0
+ kN2

q [N2] + kO2
q [O2]. (3.13)

The production rate of the photons can be estimated as

P (r, t) =
[N∗2 ]

τ0
. (3.14)

In a quasi-stationary approximation, i.e.
d[N∗2 ]
dt = 0 in Eq. 3.12, the production

of photons can be calculated as follows

P (r, t) =
τ

τ0
Q(r, t), (3.15)

where Q(r, t) = kexne[N2] is the excitation source term by electron impact. Mak-
ing use of the fact that [N2] and [O2] are proportional to pressure, we can write
Eq. (3.15) in the same form as in Eq. (3.6) for the production of photons in
photoionization in air:

P (r, t) =
pq

p+ pq
Q(r, t), (3.16)

where pq essentially stands for collisional quenching. For air at STP for example,
P = 0.013Q, for air at 100 mbar P = 0.12Q, and for N2 at 100 mbar P = 0.42Q.

27



CHAPTER 3. PULSED POSITIVE DISCHARGES IN AIR NEAR A
DIELECTRIC ROD

Along with photoionization, we assume that the quasi-stationary approximation
is valid.

The photons produced in reaction (3.9) are considered the main source of elec-
trons from dielectric surfaces. Since the lower energy photons creating photoe-
mission can travel farther before being absorbed than the higher energy photons
creating photoionization (see section: 3.2.4), it is presumed (e.g., in [2]) that an
ionization wave next to a dielectric surface will travel with greater velocity than
an ionization wave without a surface.

We include photoemission from the dielectric surface Spe in Eq. (3.2). At
every time step we calculate the flux of photons onto every point on the dielectric
surface. The flux of photoelectrons from the dielectric surface is proportional to
the flux of photons with a coefficient γ (photoemission yield). Thereby, the
emitted electrons are put just outside of the surface and become bulk electrons;
ions stay immobile on the surface.

Although the influence of photoemission on the streamer discharge propaga-
tion has previously been studied, e.g., in [55,56], we for the first time consider a
geometry with a profound shading effect. For more details on the implementa-
tion of the photoemission, see [57]. The implementation is based on Zheleznyak’s
model of photoionization [51]. Alternatively, photoemission was studied in the
framework of the radiative transfer equation for photon transport [58].

3.2.6 The uncertainty about the photoemission yield

The probability of a photon to liberate an electron is called photoelectron emis-
sion yield γ. It depends on the material of the dielectric, the properties of the
dielectric surface (roughness, accumulated charge, etc), and on properties of the
plasma produced by a streamer discharge in a gas.

The photoelectron emission is fairly well understood and experimentally mea-
sured for metals in vacuum [59]. In gases, and especially when a discharge de-
velops near the emitting surface, the experimental data are scarce. It is argued
that the photoemission yield can increase by even an order of magnitude [60] and
reach the values from 0.1 to 1.0 for photons with wavelength less than 100 nm.
The large values of γ are explained by the adsorbed atoms that contaminate the
surface. They absorb the resonant radiation produced by a discharge and the
resonant state is deactivated in the Auger process. These experiments have been
performed in noble gases like Kr, Xe, He.

Photoemission from dielectrics in air (or nitrogen-oxygen mixtures) is less
understood than photoemission from metals. The development of avalanches in
the vicinity of some dielectrics (polyethylene) in pure gases or in vacuum were
studied in [61–67]. For the photons of 280-440 nm (2PS N2), the photoemission
yield is estimated as γ = 10−7, which is very small. The value of γ increases
for photons with shorter wavelength. However, those photons are absorbed in
air and cannot serve as a nonlocal source of free electrons necessary for positive
streamers.
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We assume that the photoemission yield is in the huge range of 10−7 to 1,
and we study the sensitivity of the discharge to its actual value.

3.2.7 Initial conditions

When working with pulsed discharges of a certain repetition frequency, it is im-
portant to estimate the density of free electrons (and, in general, other species)
remaining from the previous discharges, as they can influence the propagation
of positive streamers. Approximating the weakly curved front by a planar front
and assuming that the electric field in the non-ionized region just ahead of the
discharge region does not change in time, in a zero-dimensional configuration we
can estimate the level of the ionization remaining in the repetitive discharge, like
in [22]. We set the maximum electric field in the simulated positive discharge
to 20 kV/cm at 150 mbar (which would correspond to 133 kV/cm at 1 bar ac-
cording to the similarity laws). The electron density where the electric field is
maximal scales to 9·1011 cm−3 at 150 mbar [41], and we used this value as the
initial condition for our zero-dimensional analysis in the same manner as in [22].
We initialize the densities of the positive ions N+

2 and O+
2 such that the plasma

is electrically neutral ne(0) = nN+
2

(0) + nO+
2

(0). We keep the initial ratio as

nN+
2

(0) : nO+
2

(0) = nN2
(0) : nO2

(0). The initial densities of all other ions, ex-

cited species and ground-state neutrals (except N2 and O2) are assumed to be
zero. We performed the estimations with ZDPlasKin software [68]. Fig. 3.4 shows
the results, and we conclude that the residual electron density in air discharges
at 150 mbar with repetition frequency of 1 Hz is negligible.

We launch a discharge by placing an electrically neutral plasma seed on the
axis of the domain at the electrode tip. The maximum electron (and ion) density
is 107 cm−3. The decay length of the Gaussian seed is 1 mm, which is smaller than
the typical discharge width at 75-150 mbar but comparable with the gap size.
The centre of the seed coincides with the electrode tip. This seed was chosen to
facilitate the start of the streamer propagation and the chosen parameters do not
influence the discharge development. Taking into account the voltage rise time
(see Fig. 3.2), the seed electrons create a conductive patch around the electrode
tip before the voltage becomes high enough and a discharge incepts. After its
inception the discharge propagates predominantly due to photoionization.

3.3 Experiments

The stainless steel vessel in our setup is filled with ambient air at pressures be-
tween 75-150 mbar. Inside the vessel, the needle anode is placed approximately
18 cm above a grounded cathode plane. The (grounded) conical holder contain-
ing the dielectric rod is placed in the discharge gap, effectively reducing the gap
size to 96 mm. The rod is placed directly under the needle, with a gap of ap-
proximately 1 mm between the needle and the (rounded) top of the dielectric
rod (see Fig. 3.1). The rods used in the experiments were 4 mm in diameter and
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Figure 3.4: The electron density calculated in air and 99.9999% pure nitrogen as
a function of time at 150 mbar. Pulse duration 600 ns, initial electron density
9× 1011 cm−3, maximum electric field on streamer tip: 20 kV cm−1, field in the
streamer channel: 0.6 kV cm−1.

protrude approximately 95 mm from the holder. We used two different rods with
a (relative) dielectric permittivity ε of ∼4 (unfilled epoxy resin) and ∼8 (epoxy
resin with TiO2 filler).

We apply a +19 kV pulse at a repetition frequency of 1 Hz to the needle in
order to generate streamers. Streamer discharges are imaged using a LaVision
PicoStar HR12 stroboscopic ICCD camera, which allows stroboscopic gating at
50 MHz. This means multiple intensifier gates, 20 ns apart, can be achieved
within a single exposure (and thus a single discharge). By supplying a train of
pulses at 50 MHz timed to coincide with the start of the discharge to the inten-
sifier, we can study streamer propagation, through stroboscopic imaging, both
temporally as well as spatially resolved. This technique is based on the fact that
the streamer head (in air) only emits light for a very short time, i.e. effectively
only the streamer head emits light [21, 32, 33]. This method was explained in
more detail before [38]. Fig. 3.5a shows an example of a stroboscopic image at
150 mbar with the epoxy resin rod in the discharge gap. Due to the stroboscopic
gating of the intensifier, the image shows maxima and minima in intensity. A
semi-transparent white region indicates the area over which this intensity (shown
in Fig. 3.5b) is measured. The measured intensity is filtered using a low pass
filter and maxima and minima are detected automatically using a script. From
the positions of the maxima and minima the velocity is determined. The result
is shown in Fig. 3.5c. We typically distinguish between three distinctive phases.
Initially, the inception cloud rapidly expands (1), until it reaches its maximum
size and stagnates (2). After this, the inception cloud breaks up into separate
streamer channels that propagate at a rather steady velocity (3). This discharge
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behavior is similar to the behavior observed by Chen et al. [18] for experiments in
nitrogen with a 20% admixture of oxygen. It should be noted that the stagnation
of the inception cloud may cause maxima and minima in the measured intensity
to overlap partially or fully, making their identification impossible. Therefore,
the presented velocity in the stagnation phase may in fact be even lower.

3.3.1 Discharge morphology

Experiments were performed at 75 and 150 mbar ambient air. Fig. 3.6 shows an
overview of the typical discharge morphologies observed in these experiments. No
surface discharges were observed under these conditions. Discharges at 75 mbar
(Fig. 3.6a-c) all showed a similar behavior. Initially, the discharge rapidly ex-
pands before eventually stagnating. In all of our experiments at 75 mbar a
negative streamer propagating upwards from the grounded holder connects with
the inception cloud before the inception cloud breaks up into separate channels.
The inception cloud was observed to grow to ∼55-60 mm in all cases at 75 mbar.
This is somewhat lower than the theoretical maximum value of 83 mm, calculated
using Eq. 3.1 [18].

No differences were observed between the discharge around the unfilled epoxy
resin rod (Fig. 3.6a: ε = 4) and around the TiO2 filled rod (Fig. 3.6b: ε = 8).
Comparing these cases with the case without the rod, we observe that the rod
partially blocks the inception cloud. The rod appears to block a roughly conical
section of the inception cloud, which is also observed in simulations (see Fig. 3.10).
The discharge avoids this conical region and consequently has to travel further
before it can reach the cathode. Most likely, this longer path causes the discharges
to bridge the discharge gap more slowly when a rod is present.

For 150 mbar (Fig. 3.6d-f) we also observe a rapidly expanding inception cloud
that eventually stagnates with and without a rod. The radius of the inception
cloud is roughly halved to ∼25-30 mm (compared to 75 mbar). This value is
again somewhat lower than the theoretical maximum (see Eq. (3.1)), and the
scaling with pressure is maintained [18]. After stagnating, the inception cloud
breaks up into separate channels. No differences were observed between the
discharges around the two rods. However, without the rod the streamer channels
emerging from the inception cloud are significantly thinner and less numerous. It
was also observed that these streamer channels often emerge later or not at all.
The absence of a dielectric rod could cause the inception cloud to maintain its
spherical shape and prevent the emergence of streamers while the rod breaks the
semispherical symmetry. Some streamer channels can be observed that originate
from the high voltage feedthrough above the needle position (see upper part of
Fig. 3.6f). It could be possible that these channels trigger the breaking up of the
inception cloud. To the best of our knowledge, the propagation velocity of the
channels is not influenced by the channels originating from the HV feedthrough.
Note that the filaments emerging from the inception cloud cannot be simulated
using our 2D model.
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Figure 3.5: Stroboscopic image of a discharge at 150 mbar with the epoxy resin
rod in the discharge gap (a) and the resulting intensity profile (b) and velocity
(c). The semi-transparent white region in the stroboscopic image indicates the
region where the intensity profile is measured. From this profile, the velocity
is calculated. Three distinctive phases can be distinguished: rapid expansion
of the inception cloud (1), stagnation of the inception cloud (2), and streamer
propagation at steady velocity (3).
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Figure 3.6: Typical stroboscopic images obtained at 75 mbar a)-c) and 150 mbar
d)-f) with the epoxy resin rod (ε = 4), the TiO2 filled rod (ε = 8), and without
rod.
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Figure 3.7: Typical stroboscopic image of a discharge at 600 mbar in air for the
rod with TiO2 filler, ε = 8. A positive surface streamer can be observed and its
velocity is clearly much larger than the velocity of the bulk streamers.

3.3.2 Effect of pressure

To investigate the role of pressure, we repeated the experiment for a pressure
of 600 mbar and otherwise identical conditions. Due to the increased pressure
at unchanged voltage, inception of the discharge was not always observed. For
the cases where inception was observed, we always observed a surface streamer.
Fig. 3.7 shows a typical stroboscopic image from this experiment. A positive
surface streamer can clearly be distinguished here. Moreover, a clear inception
cloud cannot be observed in this image, possibly due to its reduced size.

The close proximity of many discharge filaments also makes it hard to identify
the inception cloud in the initial stage of the discharge. As the inception cloud
now fits into the gap between the electrode and the rod, the discharge breaks
up into filaments within the gap, and streamers can reach the rod surface, see
Fig. 3.7. We will elaborate on this in Section 3.5. As can be seen in Fig. 3.7,
the velocity of the surface streamers is clearly larger than that of the bulk gas
streamers. This finding in similar setups has been observed before [1, 6, 11, 38].
Velocities will be discussed in chapter 4.
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3.4 Comparison of simulations with experiments

Simulations (Section 3.2) and experiments (Section 3.3) are compared in Figs. 3.8
where we show the stroboscopically integrated light emission of a positive dis-
charge.

In simulations, we assume that light emission is proportional to impact ion-
ization neα (α is the impact ionization coefficient) and we integrate it over time
intervals of 10 ns taking the exponential quenching into account for the stro-
boscopic effect. The quenching rates were taken from [33, 69, 70]. The limited
number of grid cells ultimately restricts how long we can simulate discharge prop-
agation. The distance between the maxima of the light emission corresponds to
10 ns for the simulated discharge propagation.

First, we compare the results without the dielectric rod to have a reference
case. Then we compare the results with a dielectric rod in air at 150 and 75
mbar. Velocity and discharge morphology agree well. In all the cases at 75-150
mbar no surface streamers were observed. Both in experiments and simulations,
no difference has been observed when the rod with a relative permittivity of 4 was
replaced with the rod with a relative permittivity of 8. It seems that the relative
permittivity, at least in this range, does not play a significant role in determining
the discharge morphology. We will discuss the role of field enhancement in more
detail in subsection 3.5.1

Fig. 3.9 shows the calculated and measured inception cloud discharge velocity
as a function of distance from the needle. Experimental values were obtained
using the method described by Fig. 3.5.

Experimentally, no differences were observed between the velocities measured
with the unfilled epoxy resin rod (ε = 4), the TiO2-filled rod (ε = 8) and without
a dielectric rod. For 75 mbar, inception cloud velocities of up to ∼2 mm/ns were
found for all cases. This velocity decreases to ∼0.5 mm/ns when the inception
cloud stagnates. As was mentioned in section 3.3.1 a negative streamer, originat-
ing from the grounded holder, causes the discharge to bridge the gap before the
inception cloud breaks up into separate streamer channels.

For 150 mbar, a similar trend was observed, albeit with a smaller inception
cloud and lower velocities. Indeed, for the same applied voltage and the same
gap, we get a lower E/N ratio which translates into smaller velocities. Fig. 3.5
shows that the differences between the three cases are again very small. Our
results show a typical velocity for the inception cloud expansion of ∼1 mm/ns.
This velocity decreases to ∼0.2 mm/ns before the inception cloud breaks up and
the streamers propagate at ∼0.4 mm/ns. Note that this part is omitted from
Fig. 3.9 because we focus on the cylindrically symmetric part of the discharge
here.

One would expect the velocity of the streamers emerging from the inception
cloud without a rod to be lower than those reported for both rods, as we observed
these streamers to be significantly thinner (see Fig. 3.6d-f), but we do not observe
such a difference.
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(a) (b)
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Figure 3.8: (a) Light emission of a positive streamer discharge in air at 150 mbar
in the absence of the dielectric rod. The left half is the simulated light emis-
sion (integrated over the depth) and the right half is the light emission observed
experimentally. The arrow indicates the observed inception cloud size. We simu-
lated the first 20 ns of discharge propagation at 150 mbar. The distance between
the maxima of the light emission corresponds to 10 ns of the simulated discharge
propagation, and 20 ns of discharge propagation in the experiments (the strobo-
scopic ICCD camera operates at 50 MHz with a 10 ns on and 10 ns off time).
The measured and calculated velocity of the discharge is given in Fig. 3.9. (b)
The same plot as in Fig. 3.8a, but now with the dielectric rod. (c) The same plot
as in Fig. 3.8b, but now in 75 mbar. The size of the inception cloud in this case
is 55 mm.
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3.4. COMPARISON OF SIMULATIONS WITH EXPERIMENTS
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Figure 3.9: Velocity of the discharge before destabilization into filaments (i.e. in
the inception cloud phase) as a function of distance from the needle anode for 75
and 150 mbar, for two different rods and without a rod. Numerically calculated
values are also shown. The maximum radii of the inception cloud are 4.2 cm at
150 mbar and 8.4 cm at 75 mbar, according to Eq. (3.1).

The velocities we find here are similar to those reported by Chen et al. [18].
They measured velocities for 100 mbar, 20 kV in a point-plane gap in otherwise
similar conditions. Initially, they observed a relatively high velocity (∼ 1 mm/ns)
and stagnation of this inception cloud (∼ 0.09 mm/ns) before it breaks up into
separate streamer channels and the velocity increases again (∼ 0.36 mm/ns).
These velocities are comparable to the velocities we find. It should be noted
however that the velocity decrease in [18] is more severe (down to ∼ 0.09 mm/ns).
Possibly, the stagnation of the inception cloud is more severe in our case as well,
but the close proximity of the maxima in intensity in the stroboscopic image do
not allow us to resolve this.

Numerically, we get similar results. For 75 mbar and an ε = 4 dielectric rod,
the velocity was found to increase from 0.5 to 0.7 mm/ns in the first 10 mm
of the discharge. Although somewhat lower than the experimentally determined
velocity, the positive trend in the velocity suggests a fairly good agreement. For
150 mbar and an ε = 4 dielectric rod, the velocity increases from 0.3 to 0.5 mm/ns
in the same stage. Again, this seems to agree with the experimentally determined
velocities. For 150 mbar the discharge velocity appears to be higher without a rod
present, although this may be a result of the path the discharge initially follows.
Due to computational limitations, this hypothesis has not been tested yet. These
results are in accordance with the experiments in the inception phase of the
discharge and with the observations of the bulk discharge in air in [6, 11]. The
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Figure 3.10: Simulation results in 150 mbar air after 13 ns, 18 ns, and 23 ns
from the start of a pulse for ε = 4 and γ = 1. Despite the large value of the
photoelectron yield to maximize the attraction to the rod, but it is still not seen.
Upper panel: the absolute value of the electric field in the discharge and the
equipotential lines. Lower panel: the electron density on a logarithmic scale.

velocities slightly increase as the discharge propagates due to the rising voltage.

3.5 Discussion

Contrary to our expectations, we have not observed cylindrically symmetric pos-
itive discharges propagating on the surface of a dielectric, neither experimentally
nor numerically. Figs. 3.6 and 3.10 clearly show that the inception cloud avoids
the area near the rod. In the simulations, we varied the photoemission yield γ
from 10−7 to 1 in order to increase the effect of the dielectric surface. We ex-
pected that by supplying more free electrons from the dielectric surface we would
be able to increase the affinity of the discharge for the surface. However, the
increase of the photoemission yield by seven orders of magnitude was still not
enough to make the discharge propagate along the dielectric rod.

We attribute this behavior to the abundance of photoionization in air. In the
inception cloud phase, photoionization in air will provide the discharge with an
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abundance of free electrons. The dielectric rod partially blocks the expansion
of the inception cloud because it blocks photoionization, but it hardly influ-
ences its propagation otherwise. As was discussed in 3.3.1, a conical region of
the (semi)spherical expanding shell is blocked. Despite the altered shape of the
inception cloud, our experimental results suggest that the breaking up of the
inception cloud into separate channels takes place at roughly the same distance
from the needle as would be the case without the dielectric rod (see Fig. 3.6).
Any additional free electrons generated by photoemission will not cause the dis-
charge to deviate from its spherical shape. Eq. (3.1) gives a theoretical maximum
radius of the inception cloud by assuming the inception cloud to be an ideally
conducting sphere [18]. Using U = 20 kV as the applied voltage, we find that
the experimentally measured inception cloud size is about ∼ 60− 70% of its the-
oretical maximum both for 75 mbar and 150 mbar, when the Townsend scaling
of the breakdown field Ec with pressure is used. In the work by Chen et al. an
actual size of ∼ 90% of the theoretical maximum size was found. Therefore, this
equation provides an upper bound and a good estimate for the inception cloud
size.

We expect the rod to roughly block a conical region with a solid angle of
Ω = 2π(1− cos 2θ), where θ is the angle between the line from the electrode tip
to the tangent to the rod and the vertical axis if the inception cloud is bigger
than the gap between the electrode and the rod. This is depicted in Fig. 3.11a.
The presence of the shaded conical region can be explained first by the fact that
the dielectric is opaque for the photons providing photoionization. However, the
region is larger than what is occupied by the dielectric rod. This can be explained
by the electrons produced due to photoionization just outside of the dielectric rod
have hardly any space to multiply and create an avalanche that could contribute
to the streamer formation. Those electrons are more likely to attach to the surface
than to end up in the streamer head (see Fig. 3.10 for the potential lines).

As the pressure is increased while the voltage is kept, the inception cloud
decreases. If it is still bigger than the rod, the horizontal distance between the
inner edge of the cone and the rod will decrease. Additionally, the distance to
the grounded cathode will increase. Fig. 3.11b and c show a schematic repre-
sentation of this process for lower and higher pressure, respectively. Fig. 3.12
shows theoretical values for the maximum inception cloud radius, the horizontal
distance of the inner cone edge to the rod and its vertical distance to the cathode.
This figure demonstrates that the reduced size of the inception cloud at higher
pressure will cause filaments to emerge from the inception cloud closer to the rod
and further away from the cathode. This could make it easier for surface dis-
charges to appear, as the proximity of the filaments to the rod may cause them to
encounter it. Filaments have been observed to propagate along dielectric surfaces
upon encountering them before [2, 6, 9–12,38].

To test the hypothesis that a dielectric surface will simply block part of the
inception cloud, we compare two PMMA (ε ≈ 3.6) rods with diameters of 6
and 10 mm that were placed at varying distances from the needle. The rods
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Figure 3.11: Schematic drawing showing the geometrical angle θ between the
inception cloud and the vertical axis (a), and the point where the inception cloud
breaks up for low (b) and high (c) pressure.

had a flat top and were placed in a grounded holder at a constant distance of
approximately 100 mm from the needle. The same voltage pulse shape (see
Fig.3.2) was used. We measured the geometrical angle θ indicated in Fig. 3.11a
and compared this to the angle φ the discharge makes with the vertical axis.
Experiments were performed at 75 mbar. An example of such a measurement is
shown in Fig. 3.13. Here, the green line determines the geometrical angle θ and
the black line determines φ. We define φ as the angle between the line from the
electrode tip to the center of curvature of the discharge front and the vertical
axis. Because we image the discharge stroboscopically, we generally have a few
reference points to draw this line, as can be seen in figure 3.13. Although φ is
determined from a 2D-projection of emission from a 3D phenomenon, we expect
that the error using this method is still within reasonable bounds. Nevertheless,
it should be taken into account that φ could be consequently overestimated or
underestimated using this method. Both rods were placed at three different
distances from the needle in order to compare six different values for θ. Fig. 3.14
shows the observed discharge angle φ as a function of the geometrical angle θ.
As can be seen, φ clearly increases with θ, as was expected. We find that the
discharge propagates at an angle that is somewhat larger than θ, except for large
values of θ.

To analyze this behavior, we investigated the inception cloud size at the mo-
ment it reaches the top of the rod. The dielectric rod will cause a field enhance-
ment between the discharge and the rod. This field enhancement causes the
inception cloud to deviate slightly from its spherical shape (see Fig. 3.15a). Due
to the deviation in the inception cloud shape, it is possible that the discharge will
propagate at a slightly larger angle φ. The deviation in inception cloud shape
is shown in Fig. 3.15b. For radii much larger than the rod radius, we expect
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Figure 3.12: The theoretical size of the inception cloud according to equation 3.1
(blue), and the radial distance of the cloud cone to the rod (red) and the axial
distance of the cloud cone to the cathode (green) at the point where the inception
cloud breaks up.

the discharge to propagate at φ < θ because the background electric field points
mostly downwards (towards the cathode), rather than radially outwards.

As was mentioned before, we expect to observe more surface discharges when
the inception cloud breaks up closer to the rod. As Fig.3.12 shows, high pressure
is expected to increase the likeliness of surface discharges. The vertical position
of the rod with respect to the needle was expected to be important as well, as
placing the rod further from the needle decreases the geometrical angle θ.

As a result, the inception cloud will break up closer to the rod, and the
discharge is more likely to propagate along the dielectric surface. Our results
suggest that this hypothesis is correct: we only observe surface discharges for
relatively high pressure and small θ. Fig. 3.16 shows an example of such a surface
discharge at 400 mbar. It is hard to distinguish an inception cloud in this case.
Eq. 3.1 predicts a maximum radius of ∼1.5 mm and we have observed actual
radii up to ∼ 0.7Rmax before. This is smaller than the gap (∼ 20 mm) in this
case, meaning that the inception cloud breaks up before the discharge reaches
the rod. It is important to note that the broken symmetry implies that our 2D
cylindrical simulation model cannot be used to study these surface discharges.
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Figure 3.13: Stroboscopic image of the discharge at 75 mbar with the 6 mm rod,
indicating how the geometrical angle θ (green) and the discharge angle φ (black)
are determined.
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Figure 3.14: Discharge angle φ as a function of the geometrical angle θ. The
dotted line shows φ = θ, which would be the case if discharge propagation would
be governed by the geometrical angle only.
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Figure 3.15: When the rod is placed further from the needle, the inception cloud
shape deviates from its spherical shape due to the field enhancement caused by
the dielectric (a), only for this larger gap. As a result, the discharge propagates
at an angle larger than θ (b).

Figure 3.16: Example of a surface discharge at 400 mbar with the 6 mm PMMA
rod placed in the discharge gap.
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Figure 3.17: Equipotential lines in the setup for two cases εd/L� 1 and εd/L�
1. In the left half of the figure, ε = 8, d = 2 mm, and L = 98 mm, as used in
our experiments and simulations. In the right half of the figure, ε = 100, d = 42
mm, and L = 58 mm. Clearly, in the latter case a discharge is more predisposed
to be attracted by the dielectric rod.

3.5.1 Field enhancement in the absence of a discharge

Usually discharges follow the electric fields lines, and therefore let us study the
equipotential lines in our setup. In Fig. (3.17), we compare the case with ε = 8,
the gap between the dielectric rod and the electrode d = 2 mm, the length of
the rod L = 98 mm, and the case with ε = 100, d = 42 mm, and L = 58 mm.
It is clear that the potential lines look drastically different. In the latter case a
discharge will be more predisposed to be attracted to the dielectric rod as the
electric field points to the sides of the rod.

When εd/L� 1, the dielectric hardly modifies the background electric field,
which is true for the case on the left side of Fig. (3.17), whereas when εd/L� 1,
the electric field is severely perturbed. Essentially, in our parameter regime when
a dielectric rod fills almost all the gap between the needle and the cathode and
the dielectric constant of the rod is not very high, the field enhancement next to
the dielectric rod is initially negligible.

3.5.2 Field enhancement in the presence of a discharge

In the presence of a discharge, the local electric field is modified by the charges in
the streamer. To understand the forces acting on the cylindrical streamer let us
introduce a simple approximation. We approximate a cylindrical streamer head
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Figure 3.18: Schematic drawing showing the relevant parameters at play when
discussing field enhancement in the presence of a discharge. A streamer discharge
as depicted in the left figure is approximated as a perfectly conductive ring under
a fixed potential as shown in the right figure.

with its net electric charge as a perfectly conductive ring at a fixed potential
U 6= 0. We assume that the distance between the streamer head and the rod
(that fills all the gap) is d, and D is the size of the streamer head. The walls
around the streamer are grounded (the rod touches them) and set far away so
that the boundary conditions on the walls do no influence the field around the
streamer head. The setup is shown in Fig. 3.18.

Using the modeling toolkit Plasimo [71] we numerically calculate the electric
field in setup Fig. 3.18. We compare the radial component of the field on the
inside of the streamer ring Ein with the radial component of the field on the
outside of this ring Eout. We vary the thickness D of this ring (defined as the
outer radius minus the inner radius), the distance to the dielectric rod r and the
relative permittivity ε of the dielectric rod. The geometry and the results of our
simulations are presented Fig. 3.19. We find that for every set of parameters
there exists a threshold dielectric constant εth for which Ein > Eout. That means
that the impact ionization will be higher on the inside of the ring than on the
outside, making the discharge more likely to propagate inwards. The actual
number of εth that we obtain in these simple calculations may differ from εth
in real experiments and full time-dependent simulations. The existence of εth
clearly illustrates however the competition of two important electrostatic effects.
In our cylindrically symmetric simulations (and corresponding experiments), the
dielectric permittivity of the rod is obviously not sufficiently large to counteract
the self-repulsion of the cylindrical streamer.

In full 3D after the destabilization into filaments, the electrostatic self-repulsion
is absent and therefore a streamer is attracted to the dielectric rod, as seen at
high pressures (Fig. 3.16).

45



CHAPTER 3. PULSED POSITIVE DISCHARGES IN AIR NEAR A
DIELECTRIC ROD

0.25
0.5
1
2

r/R

D/R=0.5

100 101 102 103 104

r/R=1

0.25
0.5
1
2

D/R

lo
g(

E in
/E

ou
t)

ε

lo
g(

E in
/E

ou
t)

Ein=Eout

Ein=Eout

a)

b)

Figure 3.19: Ratio between the radial field on the inside of a conducting ring at
fixed potential Ein and the field on the outside of the ring Eout as a function of
relative permittivity of the dielectric rod ε for varying distance to the rod r/R a)
and for varying ring thickness D/R b). The rod thickness R was kept constant
in all simulations. The dotted line shows the conditions when Ein = Eout. There
exists a threshold εth such, that for ε > εth, Ein > Eout meaning that impact
ionization will be higher on the inside of the ring.
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3.6 Conclusions

We have studied interaction of a pulsed positive discharge with a dielectric rod in
air in a setup with cylindrical symmetry. Both in experiments and in simulations,
no surface discharges have been observed as long as the cylindrical symmetry was
preserved, i.e., in the inception cloud phase of the discharge. To our surprise,
a positive discharge with cylindrical symmetry tends to move away from the
dielectric rod creating a shaded conical region in the centre.

As discussed in Section 3.5.1, for small dielectric permittivities and thin rods,
next to the dielectric rod the background electric field is hardly perturbed (see
left half of Fig. 3.17). Therefore, in our geometry there is initially little attraction
to the side of the dielectric rod.

When a positive inception cloud emerges that is larger than the gap between
the electrode and the rod, it extends beyond the rod edge. This leads to a shading
effect with an approximately conical shape. If the inception cloud is smaller than
the gap (for example at higher pressures or in larger gaps), the cloud breaks up
within the gap, breaking the cylindrical symmetry and streamer filaments are
formed already in the gap. The interaction of the inception cloud with the rod is
different from the interaction of one of the streamer filaments of the discharge with
the rod. As elaborated in Section 3.5.2, for a cylindrically symmetric streamer
discharge, the electric self-repulsion of the discharge tip acts against the electric
attraction towards the rod, whereas for non-symmetrical streamer filaments such
self-repulsion is absent.

In general, pulsed positive discharge propagation is governed by two domi-
nant mechanisms: free electron supply and electrostatic field effects. Since in air
photoionization is abundant, electrostatic field effects largely determine discharge
propagation. Besides, electron supply to the streamer head is partly suppressed,
since no electron avalanches can approach the streamer head from the rod in-
terior. This effect might be counteracted by photoemission from the dielectric
surface. The influence of the photoionization, abundant in air, appears to be very
strong and dominates the photoemission. Variation of the photoemission yield
by seven orders of magnitude from 10−7 to the unrealistically large value of 1 in
our model does not change the discharge behavior. In pure gases like nitrogen,
photoionization is suppressed due to the lack of oxygen. Therefore, we expect
the dielectric surface to become the dominant source of free electrons, forcing
positive streamers to propagate on the surface, even if they have to deviate from
the electric field lines. This will be discussed in chapter 4.
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CHAPTER 4. STREAMER AFFINITY FOR DIELECTRIC SURFACES

4.1 Introduction

In general, a dielectric can affect a discharge in two ways:

1. modify the electric field;

• dielectric polarization of the sample can change the external electric
field;

• charges on the surface of the dielectric can influence the electric field;

2. act as an electron source or sink;

• photons striking the surface can liberate an electron from it through
photo-emission;

• electrons (or ions or fast neutrals) colliding with the surface can either
liberate an electron or stick to it;

• possibly by field emission from the dielectric surface in case of a nearby
discharge.

Although these effects are often correlated (e.g. photo-emission produces an
electron but also charges the surface), we first discuss these influences separately
in the introduction and then present an outline for this work.

4.1.1 Electric field modification

The presence of a dielectric in a discharge gap can alter the magnitude and
direction of the electric field. Field enhancement due to polarization of dielectric
can alter the background electric field lines that govern discharge movement. The
relative permittivity εr determines the magnitude of this effect. As was shown in
the previous chapter, the geometry of the discharge gap (e.g. the dimensions of
the dielectric and its position) are also very important.

Polarization can also enhance the local electric field between a propagating
discharge and a dielectric surface. Akyuz et al. [7] discuss the electric field distri-
bution of a positive streamer propagating at some distance above a dielectric sur-
face. They show that the presence of a dielectric surface parallel to a conducting
channel (used to model a discharge) can increase the magnitude of the maximal
electric field. Moreover, the direction of this maximal electric field changes and
points towards the surface rather than parallel to the streamer channel axis. This
effect becomes stronger if the surface is charged negatively. For an identical but
positive surface charge density, however, the electric field magnitude is reduced
and the maximum in the electric field points away from the surface. It is impor-
tant to note that these simulations were performed using many simplifications.
For example, the electric field calculations were performed in a 2D Cartesian x−y
system, and a fixed potential gradient was applied to the edges of the discharge
channel. In reality, 3D-effects are very important (see e.g. chapter 3) and electric
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fields are much higher at the streamer head than at the sides of the streamer
channel. Nevertheless, the calculations performed by Akyuz et al. provide us
with a frame of reference for the effects of dielectric polarization and surface
charges.

Sobota et al. [9] performed experiments in Argon and found that pulsed pos-
itive discharges would always propagate along a flat dielectric surface placed
parallel to a needle-to-needle axis at a small distance. In this case, the field in
the direction of the dielectric was bigger than parallel to the needles, causing
the discharge to immediately propagate towards the surface. For larger distance
or higher pressure, streamers would initially propagate at equal velocities in all
directions in the bulk gas. Streamers that encountered the surface would connect
to it and propagate along it, but in all directions. Breakdown in this case was not
achieved by a surface streamer, but by a bulk gas streamer. Similar behavior was
observed in a needle-to-plane geometry, using a dielectric rod [38] or plate [72]
that was placed off-axis.

It is important to mention that relative permittivity can be strongly frequency-
dependent, i.e. εr = εr(f), with f the characteristic frequency of the electric field.
Both the background electric field (due to the applied voltage) and the streamer
head electric field (due to streamer propagation) can be strongly time-dependent,
meaning the stationary value for εr may no longer be accurate. A particularly
striking example is ice, which has a relative permittivity of 3 for fields changing
on a nanosecond timescale, but 90 for static electric fields [73]. Since the relative
permittivity in the GHz regime is unknown for most materials, we will use the
static value εr(0) in our discussion. Nevertheless, it is important to keep in mind
the possibility that this may be an overestimation of εr.

Although field enhancement can influence streamer propagation and is corre-
lated to relative permittivity, no clear relationship between relative permittivity
and streamer velocity has been found in other studies [6, 7, 11]. Studies in gen-
eral report higher streamer velocities for surface discharges (compared to bulk
gas discharges), but often only small differences between velocities along different
materials found. Any differences that are reported are often seemingly uncorre-
lated to relative permittivity. Possibly, this means that surface charges dominate
field modification for a discharge propagating along a dielectric surface. Another
possible explanation is the electron source effect of a surface is more important
in determining the discharge velocity. Meng et al. [11] and Allen et al. [6] for
instance report a lower velocity for surface streamers on a glazed ceramic surface
(CERG) compared to streamers on various other dielectric surfaces. The reported
velocities in [11] were even below those of bulk gas streamers in air. In this paper
it is suggested that the high photon energy required for photo-emission in ionic
crystals (like CERG) could be responsible.
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4.1.2 Electron source and sink

Photo-emission is one of the processes suspected of playing an important role
in determining surface affinity [2, 7, 11]. In this process, a photon is generated
(through collisional excitation) and liberates an electron from a dielectric surface
as it strikes the surface. As a result, the surface gains a positive charge. This
process is similar to photoionization in that it produces free electrons non-locally
through photons, but several important differences exist.

An important difference is the fact that relatively low energy photons may
cause electron emission from dielectric surface, in comparison to the ∼12 eV
needed for photoionization. Findings by Murata [74] suggest that photon energies
as low as ∼4 eV are capable of releasing electrons from a dielectric surface,
although quantum yields are extremely low at these energies (10−11 − 10−10).
Based on experimental data by Guzhov and Shuba [75], Fujihira et al. [44] and
Tom et al. [45], Jorgenson et al. [2] predict that for Teflon and Polyethylene,
photon energies as low as 5.85 and 7.84 eV, respectively, may lead to photo-
emission. Quantum yields of γ ∼ 10−4 are to be expected at these photon
energies. Above this threshold value they show that the quantum yield increases
with the photon energy cubed (in accordance with observations by Fujihira et
al. [44]). The quantum yield increases like this until it reaches its saturation
value of ∼0.2. Figure 4.1 shows the photo-emission quantum yield as a function
of photon energy according to the experiments [44, 45, 75] and the fit used by
Jorgenson et al. [2].

As was already mentioned, for photoionization the required photon energy is
approximately 12 eV. At and above this energy, the absorption cross section is
typically around 10−18cm2 [76,77] or higher, amounting to an absorption length
in the order of 1 mm for standard temperature and pressure. As was already
shown, photo-emission can occur at a wide range of (lower) photon energies (see
figure 4.1). The absorption length of photons varies a lot throughout this range.
Hudson [78] gives a detailed overview of ultraviolet photoabsorption cross sections
for O2 (among others) in the region between 110 and 180 nm. In general, we can
distinguish between 3 relevant regions for photo-emission above 102.7 nm (the
energy required for photoionization):

1. 102.7-130 nm (12-9.5 eV): the absorption cross section has values between
∼ 10−17 − 10−20 cm2 and often varies massively on a wavelength scale
of a few nanometers [79, 80]. Kashiwagi et al. report unexpectedly small
absorption cross sections in the 115-130 nm region for surface discharges in
atmospheric air [81,82];

2. 130-170 nm (9.5-7.3 eV): the absorption cross section is at or above 10−18 cm2

(with a maximum of ∼ 1.6 · 10−17 cm2) [79];

3. >170 nm: the absorption cross section decreases rapidly from 10−18 cm2

(170 nm) to values below 10−19 cm2 (>176 nm) [79].
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Figure 4.1: Photo-emission quantum yield as a function of photon energy for
Teflon (upper graph) and Polyethylene (lower graph). Data obtained from [2,44,
45,75].
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In regions 1 and 3, (much) longer absorption lengths of photons can be ex-
pected. This means that photo-emission may produce electrons further from the
discharge. It should be taken into account, however, that H2O typically has an
absorption cross section of ∼ 10−17 − 10−18 cm2 throughout the entire (100-
180 nm) region [83]. For high humidity, this may decrease the absorption length
of photons.

Jorgenson et al. [2] suggest that the relative contribution of electron emission
by a dielectric surface to Townsend multiplication plays an important role in de-
termining surface affinity. They performed Monte Carlo simulations in a uniform
field and show that for decreasing electric fields the ratio between the number
of electrons produced through photo-emission and the number of electrons pro-
duced by impact ionization (i.e. Townsend multiplication) increases. The lower
(average) electron energy leads to lower impact ionization. Consequently, the
number of low energy exciting collisions increases relative to the number of ioniz-
ing collisions. These collisions may lead to the emission of photons with enough
energy for photo-emission, but not for photoionization. Consequently, the rel-
ative number of electrons produced through photo-emission increases and may
even surpass the number of electrons produced by impact ionization.

It was also discovered in these simulations that many electrons are initially
collected by the surface. Although electrons colliding with the surface may also
liberate an electron through secondary electron emission, the required energy
for this process is relatively high. Based on data by Burke [84], Jorgenson et
al predict that the required electron energies are in the order of tens of eVs for
several polymers. As a result, the surface acts mostly as a sink initially, especially
for low fields. As the surface collects more electrons and gains a high enough
negative charge, less electrons are able to reach the surface and the surface can
act as a source of electrons (through photo-emission).

Morales et al. [85] performed experiments where background gas, pulse rise
time, humidity and UV illumination were varied for surface discharges at atmo-
spheric conditions. They used two electrodes, partially embedded in a dielectric
surface at an acute angle, spaced 5-7.8 mm apart. The discharge was observed
to lift off the dielectric surface in some cases. The liftoff probability was found to
increase with rise time, especially in air. Morales et al. hypothesize that for long
rise times, electrons are swept across the gap without causing much excitation.
For short rise times, more electrons cause excitation. The emitted photons may
produce new electrons at the surface through photo-emission, ultimately causing
the discharge to follow the surface. They also found higher liftoff percentages for
N2 than air. It is proposed that this may be due to the lower excitation energy of
O2 (compared to N2), causing more UV emission that can lead to photo-emission.
Experiments where UV illumination was found to reduce the liftoff percentage
seemingly confirm this. This finding contradicts the hypothesis in the previous
chapter that surface affinity would increase in nitrogen, where photoionization is
no longer abundant.
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4.1.3 Outline of this chapter

In the previous chapter, we discussed the interaction between the inception stage
of pulsed positive discharges in a point-plane geometry in air with a dielectric
rod placed on the central axis. We compared numerical and experimental results
and concluded that in air, the abundance of photoionization prevents surface
discharges in the studied geometry. We found that pulsed positive discharges
in air do not propagate along a dielectric rod that is placed directly under the
needle, as long as the discharge maintains its cylindrical symmetry (i.e. it remains
in the inception cloud phase).

It was proposed in chapter 3 that the abundance of free electrons produced
by photoionization in air prevents the discharge from deviating from electric field
lines. It was also suggested that a reduction of photoionization (for instance by
drastically lowering the oxygen content), would increase the surface affinity. The
additional free electrons created close to the surface could cause the discharge to
deviate from the electric field lines and propagate along the surface.

Another important finding from the previous chapter was that surface stream-
ers were observed (in some cases) if the discharge broke up into filaments above
the top of the rod. This behavior was observed for relatively high pressure only
(400 mbar and higher). Nevertheless, it remained unclear what the main param-
eters influencing surface affinity were.

In this chapter, we present experiments on several parameters that were found
to influence surface affinity and discuss each of these parameters separately and
as a whole. First, we show that large differences in surface affinity exist between
artificial air and high purity nitrogen. We also present measured discharge veloc-
ities in both cases and discuss the significant differences between these velocities.
Next, we present experimental results that prove that surface affinity in ambient
air depends on various geometrical and electrical parameters. Finally, we present
an in-depth discussion where we discuss the dominant processes determining sur-
face affinity.

4.2 Air vs nitrogen

4.2.1 Experimental setup

To test the hypothesis that the surface affinity is much higher in pure N2, we
performed experiments in a vessel where high gas purity can be maintained.
This vessel is the same as the one described in [27]. We performed experiments
in this vessel in N2 6.0 (less than 0.0001% impurities) and artificial air (80%
N2 and 20% O2) at reduced pressures. We applied a 500 ns ∼17 kV HV pulse
with a ∼ 25 ns risetime (see figure 4.2) to a needle placed approximately 9 cm
above a conical grounded sample holder. All experiments were performed with
a repetition frequency of 1 Hz. The HV pulse was generated by a Behlke HTS
401-10-GSM push-pull switch. Dielectric rods (εr ≈ 4 and εr ≈ 8) identical to
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Figure 4.2: Voltage pulse used in the high purity experiments.

the ones used in the experiments described in the previous chapter were inserted
into this sample holder. For reference we also perform the experiments without
a rod. An overview of typical images after 50 ns of discharge propagation for all
cases is given in figure 4.3.

4.2.2 Morphology

For both 75 mbar and 150 mbar, we observe surface streamers in almost all
discharges in pure nitrogen (figure 4.3e,f,i,j). In air on the other hand, we did
not observe surface streamers in any of the discharges at these pressures (fig-
ure 4.3g,h,k,l). We also observe a significantly higher velocity for the surface
streamers in nitrogen, evident from the fact that these discharges have already
bridged a large part of the discharge gap after 50 ns.

As was expected, we observe a clear difference in the morphology of the bulk
gas discharge between air and nitrogen. In air, the discharge starts out as a
roughly (hemi)spherical inception cloud, as was observed earlier [18–21, 57]. In
nitrogen, however, the discharge is filamentary from the start.

Despite the difference in morphology between nitrogen and artificial air, the
velocity of the bulk gas discharge appears roughly equal for otherwise equal cir-
cumstances. Comparing figure 4.3a and c and figure 4.3b and d, we see that the
discharge has propagated an approximately equal distance after 50 ns.

The same holds for the bulk gas part of the discharge with a rod present
(figure 4.3e-l. The bulk gas part of the discharge appears to be mostly unaffected
by the presence of a dielectric rod and/or surface streamers, except for a part
of the discharge that is blocked by the presence of the rod. This behavior was
observed earlier [57]. In the next section, we present a quantitative analysis of
the velocities.
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Figure 4.3: Typical discharges in N2 6.0 and artificial air at 75 and 150 mbar
and U =17 kV without a rod (a-d), with the unfilled epoxy rod (e-h) and the
TiO2-filled rod (i-l) placed approximately 1.5 mm below the needle. Gate width
was 50 ns in all cases.

Remarkably, we do not observe an inception cloud in artificial air at 150 mbar
with a rod present (figure 4.3h and l). We have observed an inception cloud at
this pressure in a similar geometry in earlier experiments (see previous chapter).
Possibly, the slightly closer proximity of the rod (∼ 1.5 mm in this experiment
vs ∼ 2 mm in the experiments from the previous chapter) or the difference in the
voltage pulse cause this behavior.

4.2.3 Velocities

In order to quantify velocities, we used a script to automatically find the foremost
part of the discharge (determined by emission above a certain threshold) and the
corresponding propagation time for a large number of discharges. Note that this
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script does not distinguish between surface discharges and bulk gas discharges;
both are taken into account. Figures 4.4 and 4.5 show the propagation distance
versus the time after inception for all cases. Every data point represents a dif-
ferent discharge. We also plot a linear fit through the roughly linear first part of
all data points to find the initial velocity, similar to the method used in [18, 86].
The fit range is determined manually.

Nitrogen

For N2, we see that the average velocity of the discharge is higher with a rod
present than without a rod. The velocity appears to be roughly the same for
both samples. For 75 mbar, the difference in average velocity is small initially
(1.25 mm ns−1 without a rod and 1.51 and 1.39 mm ns−1 with the εr ≈ 4 and
εr ≈ 8 rods, respectively), but ultimately the discharge bridges up to twice as fast
with a rod present (∼50 ns vs∼100 ns). We attribute this to the surface streamers
observed for both rods. Although the script does not distinguish between surface
streamers and bulk gas streamers, it is obvious that the surface streamers are
much faster.

We also observe a large spread in propagation distance for both rods, despite
the circumstances being identical. Most likely this is not caused by a variation
in surface streamer velocity, but by the fact that surface streamers do not always
form immediately. This is shown in figure 4.6. Both images were taken under
identical conditions with a gate width of 50 ns from the start of the high voltage
pulse. As can be seen, a surface streamer can not (yet) be observed in figure 4.6a,
whereas a surface discharge has already crossed most of the discharge gap in
figure 4.6b. This effect causes a large spread in discharge propagation distance,
because surface streamers are much faster than bulk gas streamers.

Similar behavior is observed for 150 mbar, although a larger difference in aver-
age velocity is observed: 0.81 mm ns−1 without a rod and 1.32 and 1.35 mm ns−1

with the εr ≈ 4 and εr ≈ 8 rod, respectively. We find that the velocity of the
discharge without a rod decreases by about 35%, but the velocity of surface
streamers decreases only slightly for 150 mbar (in comparison with 75 mbar).

Clevis et al. [86] performed experiments in 100 mbar N2 6.0 in a 16 cm point-
plane gap. They used 130 ns 25 kV pulses and found a discharge velocity of
0.78 mm ns−1. If we assume that the reduced background electric field E/n
scales roughly with U/dp, with U the voltage, d the discharge gap and p the
pressure, we find that the reduced background electric field in this experiment
is approximately equal to our experiments at 150 mbar. The observed velocity
is comparable as well. An important difference is that we observe a decrease in
velocity as the discharge propagates through the gap in the bulk gas, whereas
this behavior is not observed in the experiments by Clevis et al. [86]. Possibly
the fact that the voltage is still rising slowly in the experiments by Clevis et al.
counteracts the decrease in velocity we observe.
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Figure 4.4: Plot of the discharge propagation distance versus the propagation
time in N2 for 75 mbar (a) and 150 mbar (b).
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Figure 4.5: Plot of the discharge propagation distance versus the propagation
time in artificial air for 75 mbar (a) and 150 mbar (b).
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Figure 4.6: Images of discharges after 50 ns, taken under the same circumstances
as figure 4.3i.

Artificial air

In air, we did not observe surface streamers at 75 and 150 mbar. We do not
observe a significant difference in initial velocity between the three cases (no rod,
εr ≈ 4 and εr ≈ 8) for both 75 and 150 mbar. This result is consistent with the
results presented in chapter 3.

For 75 mbar, we observe a large spread in propagation distance for both rods
after ∼50 ns, whereas the propagation seems to stagnate without a rod present.
The latter behavior is consistent with the findings of Chen et al. [18], who report
an initial velocity of 1.0 mm ns−1 for positive discharges in 100 mbar artificial
air and a pulse voltage of 20 kV (leading to a similar U/dp). They also report
stagnation to 0.09 mm ns−1, before the velocity increases again to 0.36 mm ns−1

when streamers emerge from the inception cloud. In our experiments, the velocity
decreases to 0.15 mm ns−1 before the inception cloud breaks up. After this
happens, the positive discharge quickly connects to a negative discharge emerging
from the top of the grounded cathode (not shown in figure 4.3). This is a result
of the cathode shape and the relatively small discharge gap. Most likely, this
causes the small spread in the propagation distance without a rod present: after
the inception cloud breaks up it bridges the gap quickly due to the negative
discharge emerging from the cathode (not shown in figure 4.3).

With a rod sticking into the cloud, the inception cloud is less stable and often
breaks up earlier. This causes a relatively large spread in propagation distance.
Despite the inception cloud breaking up earlier with a rod present, the discharge
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does not bridge the gap quicker because the rod shades part of the discharge
gap under the needle, forcing the discharge outwards and delaying the negative
discharge from the cathode. This behavior was observed and discussed in the
previous chapter.

For 150 mbar, we observe little spread in propagation distance with a rod,
whereas a relatively large spread can be observed without a rod present. This
can be attributed to the absence of an inception cloud in the experiments with
a rod (see section 4.2.1). Consequently, we do not observe the stagnation typical
for an inception cloud, and the spread in propagation distance is small. Without
a rod we observe little spread initially. After the inception cloud stagnates (after
∼75 ns) the spread increases, consistent with other experiments [18,19].

To summarize, we observe a large spread in propagation distance for both rods
at 75 mbar. Most likely, the time it takes for the inception cloud to break up varies
more with a dielectric rod present. Without a rod, the inception cloud grows
to its maximum size and breaks up just before a negative (cathode-originated)
discharge connects with it. For 150 mbar, the effect is reversed: we observe
little spread in propagation distance with either rod present, but a large spread
without a rod present. This is probably caused by the absence of an inception
cloud with a rod, making propagation more stable. Without a rod, the inception
cloud stagnates relatively far from the cathode due to the increased pressure,
thus preventing the cathode-originated discharge we observed at 75 mbar. The
variation in break up time then causes a rather large spread, as was observed in
earlier experiments [18,19].

Comparison

In general, we observe a clear difference in surface affinity between air and ni-
trogen. Within the experimental parameter range, no surface streamers were
observed in air, whereas they were observed in almost all discharges in nitrogen.
This result is discussed in more detail in section 4.4.

We also found somewhat higher initial bulk gas velocity in nitrogen than in
air, with typical differences of ∼ 25 − 30%. Additionally, we observe that bulk
gas discharges bridge the gap up to twice as fast in nitrogen (than in air) for
low pressures. We attribute this to the absence of an inception cloud (and the
stagnation associated with it) in nitrogen.

Finally, we observe that surface streamers (observed in nitrogen) are much
faster than the bulk gas discharge (including bulk gas streamers). These surface
streamers can bridge the gap about 3 times faster than bulk gas discharges in
nitrogen. It is important to note that the average velocities in nitrogen presented
in figure 4.3 may be deceptive in this respect. These velocities indicate the average
velocity of multiple discharges, and are lower because surface streamers do not
always form immediately.
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4.3 Surface affinity in air

In the experiments described in subsection 4.2.1, we found that surface streamers
are observed in pure nitrogen almost in almost all cases. However, in the previous
chapter, we also reported the observation of surface streamers in air if the pressure
was increased (e.g. to 600 mbar) at constant pulse voltage. We proposed that
discharges in the inception cloud phase cannot propagate along a dielectric surface
due to the abundance of photoionization and electrostatic repulsion, and the
reduced size of the inception cloud for a lower value of U/p [18, 22, 86] would
thus make surface streamers more likely. Nevertheless, the question as to why a
single streamer can connect to a dielectric surface and subsequently propagate at
a much higher velocity remained unanswered.

4.3.1 Experimental setup

To investigate surface affinity in air, we performed experiments in a different
stainless steel vessel (described in more detail in subsection 2.2.1) filled with gas
at pressures between 30 and 250 mbar. A positive HV pulse at a repetition fre-
quency of 1 Hz was applied to a needle anode, situated above a grounded cathode
plate. We used 150 × 30 × 2 mm dielectric plate samples, partly inserted in a
grounded sample holder. Figure 4.7 shows a schematic drawing of the experi-
mental geometry.

Samples were introduced in the discharge gap at various positions, in order
to study the influence of this position. Figure 4.7 shows a schematic drawing of
the geometry. Because the samples were partly inserted into a grounded cathode
sample holder, we were able to vary the vertical gap between the needle anode
and the top of the sample ∆y. The total discharge gap was h+ ∆y and was fixed
at ∼ 145 mm, where h is the height of the sample above the sample holder. The
horizontal displacement from the central axis ∆x was also varied.

Various dielectric samples were used in the experiments: all epoxy resins with
varying filler material. This allowed us to vary the relative dielectric permittivity
εr without changing the surface properties to study its influence on surface affin-
ity. We also varied pressure, voltage and geometrical parameters. An overview
of all these parameters is given in table 4.1. All experiments were performed at
1 Hz repetition frequency. In general, we varied one parameter and the pressure,
while keeping the others constant at the standard values defined in table 4.1.

To determine the probability of part of the discharge propagating along the
dielectric sample Psurf , we took 128 shots per setting and determined the number
of shots in which a surface streamer could be observed. Only discharges where
the surface streamer bridges the gap faster than the bulk gas discharge, were
counted as surface streamers. If the bulk gas discharge bridges faster, we expect
that it is dominant in determining an eventual breakdown path. An example of
a discharge without a surface streamer is shown in figure 4.8a, whereas a surface
streamer was observed in figure 4.8b.
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Figure 4.7: Schematic drawing of dielectric sample placement. Samples were
placed with the short side with width d facing the camera. The samples were
displaced vertically (∆y) and horizontally (∆x).

Table 4.1: Overview of varied parameters

Parameter Symbol Range Standard

Pressure p 30-200 mbar N/A
Pulse voltage U 15-25 kV 20 kV
Relative permittivity εr 4-11∗ 8
Horizontal displacement ∆x 0-5 mm 0 mm
Vertical displacement ∆y N/A 16.5 mm

∗Approximate values
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4.3.2 Results

The results of the experiments are presented in figure 4.9. In general, our results
show that surface streamers become more likely for a decreasing ratio U/p be-
tween the pulse voltage and the pressure (figure 4.9a). To clarify this, we plot
Psurf as a function of U/p. The result is presented in figure 4.10. We see that
for 15 and 25 kV the surface affinity increases rapidly for U/p < 0.2 kV/mbar.
For 20 kV, this threshold value is somewhat higher (∼0.25 kV/mbar). In our
experiments, where the temperature is assumed to be constant at around room
temperature, we can state that the density is proportional to the pressure, i.e.
n ∼ p. Moreover, if we assume the streamer to be an ideal conductor, E ∼ U .
This means that U/p ∼ E/n. Consequently, this result seems to indicate that
surface affinity increases for lower reduced electric field.

We also find that increasing the relative permittivity of the dielectric sample
increases surface affinity (figure 4.9b). As can be seen, surface streamers are
observed at lower pressures for higher relative permittivity. For instance, Psurf ≈
0.5 at 80 mbar for εr = 11, whereas for εr = 5 this occurs at ∼ 130 mbar. For
εr = 4, no surface streamers were observed at all. A higher relative permittivity
can lead to higher field enhancement between a streamer and a dielectric surface
[7]. This could cause the streamer to propagate towards the surface.

Lastly, we find that surface affinity is also increased for increasing horizontal
sample displacement (figure 4.9c. Again, this is evident from the lower required
pressure for surface streamers. As the horizontal displacement increases, the pres-
sure at which surface streamers are observed decreases from ∼120 mbar (∆x = 0)
to ∼35 mbar (∆x = 5 mm). In the previous chapter, it was already observed
that a symmetrical discharge can suffer from self-repulsion. As the discharge
becomes more asymmetric, this effect decreases and consequently surface affinity
may increase. Also, more field lines coincide with the side of the sample if the
displacement increases. An in-depth discussion of all experimental findings is
given in section 4.4.

4.4 Discussion

We have varied multiple experimental parameters and studied their influence on
surface affinity. In this section, we discuss our findings and attempt to identify
the important parameters governing surface affinity. In general, one can state
that the propagation of a positive pulsed discharge is governed by two dominant
parameters, each with a set of sub-parameters:

1. the availability of free electrons;

• number of free electrons;

• position of free electrons;

2. the (reduced) electric field distribution;
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Figure 4.8: Example of a discharge in air that propagates through gas only (a)
and one where a streamer propagates along the dielectric surface (b). An epoxy
resin sample with a BaTiO3 filler (εr ≈ 8) at position ∆x = 0 was used. The
measurements were performed in air at 120 mbar, 20 kV pulse voltage and 1 Hz
repetition frequency. [87]

• the background electric field;

• the discharge electric field;

• local field effects (e.g. due to polarization or surface charges).

Together, these parameters determine the multiplication factor for a single free
electron through impact ionization and thereby steer the discharge. We use this
to structurize this section.

4.4.1 Availability of free electrons

The availability of free electrons has been shown to be an important parameter
governing discharge propagation. Nijdam et al. [88] showed, experimentally and
numerically, that streamers in nitrogen with less than 0.5% oxygen can propagate
nearly perpendicularly to electric field lines in a region with an enhanced pre-
ionization. This pre-ionization was low, so that field effects did not play a role.
They attribute this finding to the lack of photoionization in nitrogen. In air,
the discharge locally produces free electrons (independent of the free electron
distribution) and propagates roughly along electric field lines.

In our experiments, we observed that surface affinity is much higher in (high
purity) nitrogen than in air. Possibly, the lack of photoionization makes the
discharge more likely to propagate along the dielectric surface, where free elec-
trons can be locally produced through photo-emission. In other words, if the
discharge does not produce (enough) electrons locally through photoionization,
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Figure 4.9: Probability of surface discharges Psurf in air as a function of pressure
p and (a) pulse voltage U , (b) relative dielectric permittivity εr and (c) horizontal
displacement ∆x [87].
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photo-emission can become the dominant source of free electrons and the dis-
charge will propagate close to or along the surface.

It is important to take into account not only the number of free electrons
that are produced, but also their position with regard to the streamer head. Free
electrons produced too close to the streamer head, do not have enough space to
produce enough electrons through impact ionization to significantly contribute
to discharge propagation. On the other hand, if the free electrons are produced
in a region that is too far from the streamer head, the field is too low and attach-
ment overcomes ionization. Nevertheless, if the discharge propagates towards this
region, these free electrons may eventually contribute to streamer propagation.

For photoionization, various studies have been performed to identify the rel-
evant length scale lpi [89]. Here, we take

lpi = 1.3 (patm/p) mm (4.1)

as a rough estimate [90,91]. Note that this value is only used as a typical length
scale on which photoionization can produce free electrons in the discussion. As
was discussed in section 4.1, photo-emission may produce free electrons relatively
far from the streamer head, since lower energy photons are required, which have
larger absorption lengths in air than photons relevant for photoionization. On
the other hand, photo-emission can also produce free electrons very close to the
streamer head: this distance is determined by the position of the surface with
respect to the position where the photon is produced.

4.4.2 Reduced electric field distribution

The reduced electric field distribution is one of the main parameters govern-
ing the propagation of pulsed positive discharges. In general, positive streamers
propagate roughly along electric field lines, provided enough free electrons are
present. Several field effects may influence the local electric field, and conse-
quently streamer propagation.

If multiple streamers are propagating simultaneously and close to each other,
they interact through electrostatic repulsion in such a way that they still prop-
agate roughly along the (local) electric field lines [28]. In chapter 3, we argued
that electrostatic repulsion can prevent a cylindrically symmetric discharge from
propagating along a dielectric surface. Akyuz et al. [7] showed that dielectric
polarization can locally enhance the electric field between a streamer and a di-
electric surface. They also showed that surface charges, which may be present
on the dielectric surface, can diminish or even reverse this effect. Here, we as-
sume the surface is (initially) uncharged and that any field effects are a result of
relative permittivity.

In our experiments, we found that increasing the relative permittivity of the
sample increases the surface affinity (see figure 4.9b). This result can be directly
related to the local electric field: higher permittivity means the polarization
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density inside the dielectric is higher, enhancing the electric field outside the
dielectric.

We also found that placing the sample further from the center of the discharge
gap increased surface affinity (see 4.9c). It was already shown in chapter 3 that
a dielectric rod placed directly under the needle could cause self-repulsion in
cylindrically symmetric discharge. Although there is no cylindrical symmetry in
this case, repulsion of the discharge could still decrease surface affinity. Moreover,
a larger sample displacement ∆x means (background) field lines coincide with
the side of the sample, making surface streamers much more likely. Obviously,
there is an optimum distance, as placing the sample too far would decrease the
probability of the discharge encountering the surface at all [9]. This optimum
distance depends on several experimental parameters, like voltage, pressure and
gap distance.

4.4.3 Meek function

To approximate the number of free electrons Ne that are produced from a single
free electron at distance d0, we use the Meek number M [92]

M =

∫ d0

0

(α(|E|/n)− η(|E|/n))dd ≈ logNe, (4.2)

where α and η are the field-dependent ionization and attachment coefficients,
respectively. These coefficients are dependent on the (local) reduced electric
field. This equation also encompasses the importance of the availability of free
electrons and their position through d0: if d0 is too small, the number of produced
electrons is low, but if it is too high attachment overcomes ionization and free
electrons cannot contribute (directly) to discharge propagation. For a specific
field distribution, there is an ideal distance dmax where α = η and M reaches its
maximum value.

It is important to note that equation 4.2 does not give a realistic value for Ne
for a propagating discharge, unless the discharge movement and the associated
change in local field is taken into account. Here, we do not take this into account,
meaning we will overestimate the number of produced electrons as the distance
to the streamer is effectively shorter. On the other hand, electrons produced far
from the streamer head may enter the region where (α − η) > 0 as a result of
discharge propagation. Nevertheless, the Meek number gives us an idea of the
extent to which free electrons contribute to discharge propagation. We can use
this in the discussion of our experimental results

4.4.4 Effect of pressure

In our experiments, we found that higher pressure increased surface affinity. This
result is consistent with findings presented in chapter 3. In that chapter, this
finding was attributed to the fact that the inception cloud breaks up before it
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reaches the top of a dielectric rod placed directly under the needle anode. Here,
we observe that the inception cloud breaks up as soon as it reaches the top
of the sample. This is most likely caused by the sample shape, which is now
a rectangular cuboid rather than a cylindrical rod. Consequently, cylindrical
symmetry is broken. Despite the emergence of streamers, we do not always
observe surface streamers. These are only observed as the pressure is further
increased. This seems to indicate that surface streamers are more likely for
higher pressure in general, regardless of whether the discharge is in the inception
cloud phase or in the streamer phase.

Voeten [12] also found that discharges would only propagate along a dielectric
surface for higher pressures. In his setup, a 17 kV high voltage pulse was applied
to two wedge-shaped electrodes, 8 mm apart, placed directly on a dielectric sam-
ple. For 50 mbar and below, the discharge was observed to no longer propagate
along the dielectric surface.

Considering the effect of pressure, it has been shown before that the streamer
radius R is roughly proportional to 1/p [21]. The velocity v of a streamer is
roughly equal to µe|E| where the electron mobility µe is proportional to 1/p, so
v ∼ E/p, with E the electric field in front of the streamer head. Since it has been
shown before that v decreases with pressure (for constant pulse voltage) [17], this
means that the increase in electric field must be less than linear with p.

If we assume the streamer head to be spherical ideal conductor at potential
U , the field at a distance r from the streamer head is given by

E =
UR

(r +R)2
, (4.3)

with R the streamer head radius. Close to the streamer head (r � R), we find
E ≈ U/R, so here the field is proportional to p as R ∼ p−1. However, far from
the streamer head this equation is no longer valid and the field is determined by
the background field. The background field will be roughly proportional to U/d
with d the gap distance.

Assuming the streamer field is much larger than the background field (i.e.
equation 4.3 is still valid), the ideal release distance dmax where α = η can be
approximated by equating equation 4.3 to the breakdown field as follows

E =
UR

(dmax +R)2
= Ebd

p

patm
⇒ dmax ∼

1

p
, (4.4)

where Ebd is the breakdown field at atmospheric pressure. Thus, both the pho-
toionization length lpi and dmax scale with ∼ p−1 and their ratio is independent
of pressure.

As the discharge propagates closer to the surface, part of the photoionization
is shaded by the sample. Although free electrons can be produced by photo-
emission as well, these electrons may be produced too close to the discharge if
the distance to the surface is smaller than dmax. We therefore define a minimum
distance dmin needed to yield enough electrons through impact ionization to
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contribute to discharge propagation. We assume that dmin is proportional to
p−1. To summarize, we have identified four important length scales, all roughly
proportional to p−1:

• the streamer radius R;

• the minimum distance dmin where produced free electrons still aid streamer
propagation;

• the maximum distance dmax where α = η;

• the photoionization length lpi.

It is important to note that the local electric field of a streamer head (in
the absence of other streamers or a dielectric) is highest directly in front of the
streamer and lower to its sides. Consequently, neither dmin or dmax are given by
fixed distances from the streamer head. This means that dmax will be lower to the
sides of the streamer, whereas dmin will be higher, i.e. there is a smaller region
where the Meek function yields sufficiently high numbers. The photoionization
length lpi, however, is given by a (roughly) constant distance, since the absorption
length is the same in all directions.

Now, as a streamer propagates close to the surface, two important processes
occur:

1. photoionization is partly suppressed due to close proximity of the sample;

2. the electric field is enhanced in the region between the sample and the
streamer.

The first process starts to play a role at r ≤ dmax: as the discharge moves closer
to the surface, electrons can no longer be produced at dmax as they are absorbed
by the sample. Although photo-emission can also produce free electrons, the
close proximity to the streamer head limits the impact ionization multiplication.
Therefore, we expect this process to have a mostly adverse effect on surface
affinity. Moreover, we assume the suppression of photoionization scales with p−1

too as it is directly correlated to dmax, meaning that the relative effect of this
process remains the same with pressure.

However, the second process, field enhancement, does not scale accordingly.
Obviously, the sample thickness remains constant for changing pressure. There-
fore, as pressure increases, all length scales decrease except for the sample thick-
ness. Effectively, this is equivalent to an increasing sample thickness while all
other length scales remain constant. A thicker sample causes a higher field en-
hancement in the region between the discharge and the sample (up to a certain
maximum). As a result, the ionization coefficient α is higher in this region, caus-
ing dmax to be higher and dmin to be lower. Field enhancement in the region
between the sample and the discharge therefore has a positive effect on surface
affinity. Possibly, higher field enhancement could also lead to (more) field emis-
sion, further enhancing surface affinity.
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Figure 4.11: Schematic drawing (not to scale) showing the effect of increasing
pressure. All length scales (except for the sample thickness D) scale with p−1,
which means that the relative size of the sample grows for increasing presure.
a) The situation for low pressure. There is hardly any field enhancement but
photoionization is slightly suppressed due to the sample’s proximity, prevent-
ing the discharge from moving towards the surface. b) Shows the situation for
higher pressure. The relative size of the sample increases, leading to higher field
enhancement. Consequently, the discharge propagates towards the surface.

The number of electrons produced through impact ionization increases expo-
nentially with α−η, so a relatively small field enhancement can possibly counter-
act the suppression of photoionization. The (relative) suppression of photoion-
ization is roughly independent of pressure, but the field enhancement increases
with pressure, so we expect that the balance between these processes shifts as
the pressure is increased. This is illustrated in figure 4.11. As the relative sample
thickness increases, the field is enhanced more in the region between the streamer
and the sample, and the region between dmin and dmax (dark grey in figure 4.11)
becomes larger. Length scales are not to scale in this figure, it merely serves as
an illustration of the relevant processes. Also, it is important to remark that the
length scales presented here are not hard limits, but merely indicate a typical
relevant length scale.

To investigate our hypothesis, we performed some additional experiments with
two samples with different thickness d. Both samples are TiO2 filled epoxy resins
(εr ≈ 8). The probability for surface streamers Psurf was determined for both
samples, with the sample placed directly under the needle and a pulse voltage of
20 kV (see figure 4.7. Figure 4.12 shows the result of this measurement. Here,
we plot Psurf as a function of p · d. As can be seen, the graphs partially overlap.
This seems to indicate that Psurf indeed depends on the relative thickness of the
sample compared to the streamer radius.
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Figure 4.12: Probability of surface discharges Psurf in air as a function of pressure
times sample thickness p · d.

4.4.5 Effect of pulse voltage

Lowering the pulse voltage decreases the electric field at the streamer head. As
was discussed in subsection 4.1.2, a lower electric field will decrease impact ion-
ization. On the other hand, photo-emission may increase, as (relatively) more
low energy photons are emitted by the streamer head. These low energy photons
are not of sufficient energy to photoionize molecular oxygen, but may still free
electrons from the surface (see e.g. figure 4.1). Consequently, we expect sur-
face affinity to increase for lower pulse voltage. Nijdam et al. also found that
streamers were more susceptible to laser guiding for lower pulse voltages [16].

4.5 Conclusions

We have investigated several parameters that determine whether or not a streamer
will propagate along a dielectric surface. The following conclusions can be drawn
from this investigation.

• Surface affinity was much higher in pure nitrogen than in (artificial) air in
our experiments. In nitrogen, where photoionization hardly plays a role,
the streamer is more likely to deviate from the background electric fields
lines to the surface, where free electrons are more readily available (e.g.
through photo-emission). In air photoionization is abundant and the dis-
charge (roughly) follows the field lines.

• Surface streamers in nitrogen were observed in all discharges. They do,
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however, not always form immediately when a streamer encounters the
surface.

• Surface streamers are up to 3 times as fast as bulk gas streamers in nitrogen.

• Lower pulse voltages increase the likeliness of surfaces streamers in air.
The electric field of a streamer decreases with the pulse voltage. Conse-
quently, the average electron energy decreases and impact ionization re-
duces. Relatively more low energy photons, capable of photo-emission but
not of photoionization, will be emitted. As a result, the relative importance
of photo-emission increases and the discharge is more likely to propagate
towards the dielectric surface.

• The position and relative permittivity of a dielectric sample are very impor-
tant parameters in determining the probability of surface streamers. As the
sample is placed further from the central axis, (background) electric field
lines coincide with the side of the sample, making surface discharge much
more likely. Obviously, there is an optimum in displacement, as placing
the sample further away will at some point decrease the probability of a
discharge encountering the surface.

• Surface streamers are more likely for higher relative permittivity. Higher
relative permittivity means that field lines point towards the dielectric sur-
face more, increasing the probability of surface streamers.

• Higher pressure and thicker dielectric samples lead to a higher probability
of surface discharges. In bulk gas discharges, all relevant length scales
scale with inverse pressure. A dielectric sample obviously does not scale
accordingly, meaning that its relative size increases for increasing pressure.
This leads to higher electric field amplification and consequently higher
surface affinity.
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Chapter 5
Probing electric fields with the
Pockels effect

5.1 Introduction

The Pockels effect, also known as the linear electro-optic effect, describes how
an externally applied electric field produces birefringence in an optical medium.
The effect was first described by Friedrich Carl Alwin Pockels in 1894 [93]. The
Pockels effect is closely related to the Kerr effect. In the Kerr effect however,
the induced birefringence is proportional to the square of the field, whereas in
the Pockels effect this relationship is linear. Both effects are observed in crystals
that lack inversion symmetry. In such crystals, an externally applied electric
field induces a change in the refractive index that depends on the polarization of
the light passing through the crystal. Crystals exhibiting the Pockels effect are
also piezoelectric to some degree, as both are related to the absence of inversion
symmetry.

Traditionally, the Pockels effect is used in combination with a homogeneous
and well-defined electric field, e.g. to create ultra-fast shutters [94] or tunable
waveplates. However, since the induced birefringence is proportional to the elec-
tric field, we can also measure the electric field indirectly by measuring the bire-
fringence (as a phase delay). The Pockels effect has been used in several studies
to probe the electric field of discharges propagating in the vicinity of a dielectric
surface or their residual charge [3,4,95–99]. Studying the electric field of surface
streamers and their surface charges can give great insight into the dynamics of
these discharges.

As has been discussed before (see section 4.1) the surface can provide free
electrons to the discharge and surface charges collected on the surface can modify
the electric field. By studying the creation of surface charges and their magnitude,

75



CHAPTER 5. PROBING ELECTRIC FIELDS WITH THE POCKELS
EFFECT

we can gain insight in the contribution of the surface to free electron production.
Moreover, the lifetime of these charges determines how long these surface charges
may influence subsequent discharges.

In this chapter, we critically review the Pockels effect as a field-probing
method. We start by discussing the theory describing the Pockels effect. From
this, we deduce the relevant equations necessary to interpret our experiments.
We then discuss the limitations of this method. Next, we present and discuss
the experimental results we obtained. Finally, we discuss possibilities for new
measurement techniques for future measurements.

5.2 Theory

In classical optics, Maxwell’s equations can be used to describe the propagation
of electromagnetic waves in materials:


∇ ·D = ρf ;

∇ ·B = 0;

∇×E = −∂B∂t ;

∇×H = Jf + ∂D
∂t

(5.1)

In isotropic materials, the displacement field D is simply parallel to the electric
field, i.e. D = εE, and the dielectric permittivity ε determines the ratio between
these physical quantities. In anisotropic materials however, the dielectric permit-
tivity is no longer given by a scalar quantity, but by a dielectric tensor ε. We
will assume magnetic isotropy, as the effect of possible magnetic anisotropy has a
negligible effect on the effects we are interested in [100]. Consequently, B = µH
remains valid, but the displacement field is now related to the electric field by

D =

Dx

Dy

Dz

 =

εxx εxy εxz
εyx εyy εyz
εzx εzy εzz

ExEy
Ez

 . (5.2)

This equation can be summarized as

Di =
∑
j

εijEj , (5.3)

where i and j are x, y or z.
The electric energy density is given by

UE =
1

2
E ·D. (5.4)
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As is shown by Born and Wolf [100], the dielectric tensor must be symmetric,
so εij = εji. Consequently, the dielectric tensor has 6 individual components
instead of 9. The surface with constant energy density is given by the ellipsoid
in the space of E:

UE =
1

2

(
εxxE

2
x + εyyE

2
y + εzzE

2
z+

2εyzEyEz + 2εxzExEz + 2εxyExEy) = constant. (5.5)

We can transform this ellipsoid to its principal axes in the appropriately related
coordinate system,

U =
1

2
(εxE

2
x + εyE

2
y + εzE

2
z ) = constant, (5.6)

where εx, εy, εz are the eigenvalues of the matrix representing the dielectric tensor.
By making the replacement E2

kε
2
k/2U = k2 with k = u, v, w find the equation for

the index ellipsoid:

u2

n2
u

+
v2

n2
v

+
w2

n2
w

= 1, (5.7)

where ni =
√
εi

To summarize, for any anisotropic crystal we can perform a transformation
to the index ellipsoid’s principal axes, such that in this new coordinate system
we find 

Du = εuEu

Dv = εvEv

Dw = εwEw

(5.8)

5.2.1 Pockels effect

If an electric field Eext is applied to a crystal exhibiting the Pockels effect, this
causes the crystal to become birefringent. It is important to distinguish between
the applied electric field Eext and the electric field associated with the electro-
magnetic wave description of light. From this point, when we refer to electric
field components, we mean the components of the applied electric field Eext. The
induced birefringence is determined by the impermeability tensor

r =


r11 r12 r13

r21 r22 r23

r31 r32 r33

r41 r42 r43

r51 r52 r53

r61 r62 r63

 . (5.9)
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The elements rij of this tensor are the electro-optic coefficients and are material
specific (a more elaborate discussion on the choice of crystal structure for ex-
periments is given in subsection 5.6.1). The electro-optic coefficients define the
response to an externally applied field Eext = (Ex, Ey, Ez):

∆(1/n2)1

∆(1/n2)2

∆(1/n2)3

∆(1/n2)4

∆(1/n2)5

∆(1/n2)6

 =


r11 r12 r13

r21 r22 r23

r31 r32 r33

r41 r42 r43

r51 r52 r53

r61 r62 r63


ExEy
Ez

 . (5.10)

The index ellipsoid equation (equation 5.7) now becomes

x2
(
n−2
x0 + ∆(1/n2)1

)
+ y2

(
n−2
y0 + ∆(1/n2)2

)
+ z2

(
n−2
z0 + ∆(1/n2)3

)
+

2yz
(
∆(1/n2)4

)
+ 2xz

(
∆(1/n2)5

)
+ 2xy

(
∆(1/n2)6

)
= 1.

We then define

A =

1/n2
x0 + ∆(1/n2)1 ∆(1/n2)6 ∆(1/n2)5

∆(1/n2)6 1/n2
y0 + ∆(1/n2)2 ∆(1/n2)4

∆(1/n2)5 ∆(1/n2)4 1/n2
z0 + ∆(1/n2)3

 , (5.11)

reducing the new index ellipsoid equation to

(
x y z

)
A

xy
z

 = 1. (5.12)

To find the direction of the new principal axes and the corresponding refractive
indices, we need to diagonalize A. This can be done using a transformation matrix
T, such that

T−1AT =

λ1 0 0
0 λ2 0
0 0 λ3

 . (5.13)

The eigenvalues λ1, λ2 and λ3 then define the principal refractive indices, whereas
the eigenvectors, given by the columns of T define the directions of the principal
axes. In other words, a coordinate transformation is transformed, such that
the principal axes of the new index ellipsoid are aligned with the orthonormal
directions u, v and w:

(
u v w

)
=
(
x y z

)
T

Here, we will not elaborate on the problem of finding these eigenvalues and
eigenvectors. Appendix A shows how the principal axes (and their lengths) of
the index ellipsoid for BSO can be found.
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5.2.2 Light propagation in anisotropic materials

An important point to make here, is that in anisotropic materials the energy and
the wave front generally propagate in different directions at different velocities.
To prove this, we consider a monochromatic plane wave. For such a wave, E,D,H
and B are proportional to exp

(
iω
(
n
c (r · ŝ)− t

))
, with ω the angular frequency,

r the position, ŝ the unit wave normal. It follows that taking partial derivatives
becomes equivalent to

{
∂/∂t⇒ −iω
∂/∂x⇒ iωnsx/c.

(5.14)

Using this, Born & Wolf [100] show that the following equations then follow
from Maxwell’s equations (eq. 5.1)


nŝ×H = −D

nŝ×E = µH

D = n2

µ (E− ŝ(̂s ·E) = n2

µ E⊥.

(5.15)

In this equation, E⊥ is the component of E perpendicular to ŝ. We can
now conclude that D,H (or B) and ŝ are orthogonal. The same (by definition)
holds for E,H and the Poynting vector S = E × H. We now define the unit
vector t̂ = S/|S| for further use. This shows that inside anisotropic materials,
the direction of energy transport t̂ is not necessarily aligned with the direction
of the wave normal ŝ.

Using equation 5.14 and Poynting’s theorem (in the absence of currents), we
find

U =
n

c
S · ŝ =

n

c
|S|̂t · ŝ, (5.16)

with U = Ue + Um the total energy density and n the effective refractive index.
Consequently, the energy transport occurs at the ray velocity

vr =
|S|
U
, (5.17)

whereas the phase velocity is given by

vp =
c

n
= vr t̂ · ŝ. (5.18)

Now, let us assume we have already transformed to a system aligned with the
principal axes of the index ellipsoid. Using equations 5.8 and 5.15 we can derive
the following equation (see appendix B for the full derivation)

s2
x

(
v2
p − v2

y

) (
v2
p − v2

z

)
+ s2

y

(
v2
p − v2

x

) (
v2
p − v2

z

)
+ s2

z

(
v2
p − v2

x

) (
v2
p − v2

y

)
= 0,(5.19)
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Figure 5.1: a) Drawing of the index ellipsoid, showing the ellipse formed by the
intersection of the ellipsoid with the plane perpendicular to ŝ and the two allowed
directions of D. b) Drawing of the normal surface of a biaxial crystal. The optical
axis is also depicted. Both images based on images from [100].

where vi = c/ni for i = x, y, z. This equation is known as Fresnel’s equation
of wave normals. From this equation, there are generally two solutions. The
corresponding allowed directions of the displacement field can be found by solving
the following equation for the ratios between the individual components of the
electric field (see appendix B for its derivation)

Ei =
n2si(̂s ·E)

n2 − µεi
=
n2si(̂s ·E)

n2 − n2
i

, (5.20)

and using equation 5.8 to translate this to components of the displacement field,
although this can be tricky if components of ŝ are zero.

Born & Wolf [100] show that this problem can be visualized as follows:

• draw the index ellipsoid according to equation 5.7;

• draw a plane through the origin perpendicular to ŝ;

• draw the curve of intersection, which is an ellipsoid;

• find the principal axes of this ellipsoid.

Now, the directions of the principal axes represent the two (perpendicular) al-
lowed directions of D, whereas their length represents the corresponding refrac-
tive indices n1 and n2. This process is visualized in figure 5.1a.
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Another way to visualize this, is by drawing a normal surface. This surface is
determined by the vector ŝ and the two corresponding phase velocities. By letting
ŝ take on all directions, a double shelled surface is formed. This is visualized
(partly) in figure 5.1b. Although this method makes it easy to visualize the
allowed phase velocities for a vector ŝ that lies within the xy-, xz- or yz-plane, it
is not trivial to see what the phase velocity for an arbitrary incoming wave will
be.

In this case, it can be tricky to find the ellipse formed by the intersection
of the ellipsoid with the plane perpendicular to ŝ (see figure 5.1a). Born and
Wolf [100] show that the problem of finding the principal refractive indices is
equivalent to finding the extrema of x2 + y2 + z2 = R2. In other words, we are
looking for two solutions for R that define the two principal refractive indices.
This problem can be solved by setting up the following equation

L = x2 + y2 + z2 + 2Λ1 (xsx + ysy + zsz) + Λ2 (Ψ(x, y, z)− 1) , (5.21)

where Λ1 and Λ2 are Lagrange multipliers and Ψ(x, y, z) is the index ellipsoid
equation. To find the extrema of this function, its derivative with respect to
x, y, z,Λ1 and Λ2 should be zero. Using this method, there is no need to transform
our coordinate system to its principal axis first, which can be difficult if we have
no prior knowledge of the electric field components. We can just use the perturbed
index ellipsoid (equation 5.34) for Ψ(x, y, z) and work in the original coordinate
system.

5.2.3 Double refraction

In general, thin crystals are used in experiments where the Pockels effect is used
to probe the electric field [3,4,95–99]. Additionally, the electro-optic coefficients
are generally very low (e.g. r41=4.8 m/V in equation 5.26). Consequently, double
refraction hardly plays a role for the ray propagation since the two rays will exit
the crystal parallel with only a very small offset. In experiments, this offset will
not be measurable. For the wave front propagation however, double refraction can
play an important role, as it defines the optical path for a wave front. Therefore,
we discuss the principle of double refraction in this section.

Assuming vacuum outside the crystal the following continuity equation must
hold at the boundary for the wave normal:

t− r · ŝ
c

= t− r · ŝk
vpk

⇒ r ·
(

ŝk
vpk
− ŝ

c

)
= 0, (5.22)

where ŝk is one of the two allowed wave normals inside the crystal, and vpk the
corresponding phase velocity. This follows from the equation of a monochromatic

plane wave (see subsection 5.2.2). Basically, this result implies that
(

ŝk
vpk
− ŝ

c

)
must be perpendicular to the surface at all times. This method is equivalent to
taking the point where the wave enters the crystal as the origin O and drawing
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Figure 5.2: a) Visualization of the process to find the two allowed wave normals
ŝ. b) Snell’s law for double refraction

the vector ŝk/vp for all directions (with vp from equation 5.19). The resulting
surface is the so-called inverse surface of wave normals [100]. The intersection of
this inverse surface of wave normals with the normal to the surface through the
end of ŝ/c gives the direction of ŝk. In other words, the vector ŝk

vpk
− ŝ

c must be

perpendicular to the surface. This process is illustrated in figure 5.2a. It can be
shown that this is equivalent to Snell’s law of refraction, or

sin θin
sin θk

=
c

vpk
, (5.23)

where θk is the angle with the normal to the surface. This is illustrated in
figure 5.2b. Note that if θin = 0, θk = 0 as well.

Although this gives us information about the wave vector inside the crystal,
it does not tell us how the ray itself will propagate, i.e. what the vectors t̂k will
be inside the crystal. Born and Wolf [100] show that the ray velocity can be
calculated from a given phase velocity and wave normal with the equation

v2
p(v2

r − v2
p) =

[(
sx

v2
p − v2

x

)2

+

(
sy

v2
p − v2

y

)2

+

(
sz

v2
p − v2

z

)2
]−1

. (5.24)

From this equation, the two phase velocities vp will generally give two ray ve-
locities vr. For each ray velocity, the corresponding ray vector can be found
by

tx =
sx
vpvr

(
v2
p +

v2
p(v2

r − v2
p)

v2
p − v2

x

)
, (5.25)

and the same for y and z.

5.2.4 Example

In many experiments light enters a crystal perpendicular to the surface, along the
z-axis [3, 4, 95–99]. Let us consider this case. In other words, the crystal surface
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spans the xy-plane (z = 0) and a light beam enters the crystal at a right angle
to the surface, i.e. ŝ = sz.

Most experiments use crystals of cubic symmetry group 23 (see subsection 5.6.1
for more about crystal structures). In this example, we use BSO Bi12SiO20 as a
crystal. For BSO, the impermeability tensor, given by equation 5.9, reduces to a
much simpler form

rBSO =


0 0 0
0 0 0
0 0 0
r41 0 0
0 r41 0
0 0 r41

 . (5.26)

Additionally, for BSO nx0 = ny0 = nz0 = n0, i.e. the crystal is isotropic in the
absence of an externally applied field. This means that any birefringence is a
result of the field alone. Consequently, equation 5.34 reduces to

x2

n2
0

+
y2

n2
0

+
z2

n2
0

+ 2yzr41Ex + 2xzr41Ey + 2xyr41Ez = 1. (5.27)

For light entering the crystal along the z-axis, equation 5.27 reduces to

x2

n2
0

+
y2

n2
0

+ 2xyr41Ez = 1. (5.28)

because it follows from ŝ ·D = 0 that z = 0. This is an important conclusion,
because it means that components of the electric field parallel to the surface do
not play a role in determining the phase velocities. Consequently, it suffices to
only transform x and y. To do so, we must find the eigenvalues and eigenvectors
of the reduced matrix

Ared =

(
1/n2

0 r41Ez
r41Ez 1/n2

0

)
. (5.29)

Doing so gives us û = x̂+ŷ√
2

and v̂ = −x̂+ŷ√
2

as the new principal axes and λ1 =

1/n2
0 + r41Ez and λ2 = 1/n2

0 − r41Ez. Assuming a small change in refractive
index we can use (n0 + ∆nk)−2 ≈ (n2

0(1 + 2∆nk/n0))−1 ≈ 1/n2
0 − 2∆nk/n

3
0 to

find {
nu ≈ n0 − 1

2n
3
0r41Ez

nv ≈ n0 + 1
2n

3
0r41Ez

. (5.30)

Figure 5.3 shows the transformation of the axes and a visualization of the new
principal axes and the corresponding refractive indices. The transformation
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Figure 5.3: a) The new principal axes are found by rotating x and y by π/4. b)
Visualization of the new principal axes and the corresponding refractive indices
with respect to x and y.

means that if we for instance take light that is originally polarized in the x-
direction, this now corresponds to light with a u and v-component, with a phase
shift ∆φ = φv − φu = π between the two components:

Ex(z, t)x̂ =
1√
2

(
Eu(z, t)û + eiπEv(z, t)v̂

)
(5.31)

The phase shift experienced for light traveling through a crystal with thickness
d then becomes

∆Φ ≈ −Ezdn3
0r41ω/c = −Ezdn3

0r412π/λ, (5.32)

where the expressions given in equation 5.30 are used for nu and nv. It is impor-
tant to note that we made the assumption here that the field is uniform over the
thickness of the crystal. The light propagation is visualized in figure 5.4.

Ray propagation

Although this result shows that the phase velocities are independent on the field
in the x and y-direction and the wave normal propagates perpendicularly to the
surface, it does not imply that ray itself will propagate perpendicularly to the
crystal surface. If we want to investigate the ray behavior, we need to transform
the full system.

For instance, let’s assume that Ex = Ey = Ez = E0. We then find


û = −1√

3
(x̂ + ŷ + ẑ)

v̂ = 1√
2
(x̂− ŷ)

ŵ = 1√
6
(−x̂− ŷ + 2ẑ)

. (5.33)
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Figure 5.4: Visualization of the propagation of light initially polarized in the
x-direction. The phase shift between the u and v-component increases as the
light travels through the crystal. When the light exits the crystal, it is generally
elliptically polarized.

and λ1 = 1/n2
0 + 2r41E0, λ2 = λ3 = 1/n2

0 − r41E0.
Let us again suppose the light is initially (linearly) polarized in the x-direction.

This means that in the new coordinate system, this corresponds to (−1√
3
û+ 1√

2
v̂−

1√
6
ŵ) with a phase shift π for the v-component. Calculating the phase velocity

using equation 5.19 (with u, v and w instead of x, y and z) we find the same
expression for the two experienced refractive indices, and ultimately the same
phase shift as was found in equation 5.32. The two phase velocities are vp1 =

vv = c
√
n−2

0 − r41E0 and vp2 =
√

1
3v

2
u + 2

3v
2
w = c

√
n−2

0 + r41E0.

Now let us consider the ray itself. Solving equation 5.24 we find

vr1 = vp1 = c

√
n−2

0 − r41E0 (5.34)

vr2 =
c
√

(E0r41n2
0 + 1) (3E2

0n
4
0r

2
41 + 2E0n2

0r41 + 1)

E0r41n3
0 + n0

≈ c
√

1 + 3n2
0E0r41

n0 (1 + n2
0E0r41)

≈ c

n0

(
1 +

n2
0r41E0

2

)
. (5.35)

We see that vr1 = vp1 and vr2 > vp2, which means that t̂1 = ŝ1 but t̂2 6= ŝ2.
Filling in equation 5.25, we find

t2 =

√
3(Z − 4)

√
Z + 1

6Z + 12
û +

√
6(Z + 8)

√
Z + 1

12Z + 24
ŵ, (5.36)

with Z = n2
0r41E0. We see that for Z = 0, we find t2 = −1√

3
û + 2√

6
ŵ = ẑ, which

is the expected results for an isotropic material.
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5.3 Limitations

In general, the Pockels effect can be used to probe the electric field inside a
crystal with good temporal and spatial resolution. However, several limitations
of the method should be discussed as well. Here, we address these limitations
and discuss their influence.

5.3.1 The uniform field approximation

As was mentioned before, the field resulting from a discharge propagating along
a dielectric surface or from surface charges deposited on a crystal, is often con-
sidered uniform. In most experiments [3, 4, 95–99], the electric field can be split
up in three different parts:

• the background electric field (due to the electrostatic potential on the elec-
trodes);

• the surface discharge itself;

• surface charges deposited by the discharge.

Let us consider only surface charges (for instance after the voltage pulse). This
means that at any point on the crystal the electric field is a result of a certain
surface charge density σ(x, y).

Now, we consider an experiment where light enters the crystal perpendicularly
to a BSO crystal, so that only Ez is detected (see section 5.2.4). The field (in
the z-direction) at position (0, 0, z) as a result of a charge element dQ at position
(x, y, 0) is then given by

Ez =
cos θdQ

4πε0εr (r2 + z2)
, (5.37)

where r =
√

(x2 + y2) has been used and θ is the angle that isolates the z-
component of the electric field. This is illustrated in figure 5.5.

Now, let us assume we have a circular spot with radius r0 of uniform surface
charge density σ0 present on the crystal. This means we can work in a cylindrical
coordinate system and define surface elements dQ = 2σ0πrdr. The term cos θ
from equation 5.37 is now given by cos θ = z/

√
z2 + r2 (see figure 5.5). Conse-

quently, the electric field at a depth z at the center of this spot is then given
by

Ez(0, z) =

∫ r0

0

rzσ0

2ε0εr (r2 + z2)
1.5 dr. (5.38)

Solving this equation we find

Ez(0, z) =
σ0

2ε0εr

(
1− z√

r2
0 + z2

)
. (5.39)
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Figure 5.5: The z-component of the electric field inside a crystal with relative
permittivity εr can be calculated using Coulomb’s law and the distances z and r.

If r0 � d (with d the thickness of the crystal), the second term of equation 5.39
can be neglected and the field can be considered uniform, i.e

Ez(0, z) = E0 =
σ0

2ε0εr
. (5.40)

In reality however, the size of the surface charge spot is not much bigger than the
crystal thickness and may even be smaller. For instance, if we consider streamers
propagating along a dielectric surface at atmospheric pressure and we assume
that surface streamer radii are comparable to bulk gas streamer radii, expected
streamer widths are <1 mm [21]. Typical crystal thickness in experiments are
around the same value [3, 4, 95–99].

The situation is somewhat different if the bottom of the crystal is grounded.
In this case, we can use the method of image charges to calculate the field: the
field due to the presence of the grounded electrode is equal to mirroring the
dielectric and the surface charge along the plane of intersection of the dielectric
and the grounded electrode. The only difference is the sign of the surface charge,
which is opposite in the mirrored part. This is shown in figure 5.6. The integral
for the electric field of a uniform (round) spot of surface charge now becomes

Ez(0, z) =

∫ r0

0

rzσ0

2ε0εr (r2 + z2)
1.5 dr −

∫ r0

0

−r(2d− z)σ0

2ε0εr (r2 + (2d− z)2)
1.5 dr. (5.41)

This gives us the following electric field

Ez(0, z) =
σ0

2ε0εr

(
1− z√

r2
0 + z2

+
2d√

r2
0 + 4d2

− 2d− z√
r2
0 + (2d− z)2

)
. (5.42)

Again, we find that the field can be considered uniform (see equation 5.40) if
r0 � d. Figure 5.7

Now, let us consider the way surface charge density is often determined [95,
97,98,101]. Typically, a certain phase shift is measured and (directly) related to
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Figure 5.6: The z-component of the electric field inside a crystal with relative
permittivity εr that is grounded at the bottom can be calculated using Coulomb’s
law and the method of image charges. The upper pane shows the actual setup,
whereas the lower pane shows the equivalent (in terms of the electric field) situ-
ation where the dielectric and the surface charge (albeit with opposite sign) are
mirrored.
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Figure 5.7: The electric field in a crystal of thickness d as a result of a uniform
circular spot of surface charge density σ0 and radius r0 on its surface. Plotted
is the relative magnitude of the electric field with respect to the value found
by the uniform field approximation (E0) as a function of relative depth in the
crystal z/d. Various spot sizes are shown. a) The situation for a crystal without
a grounded electrode below it. b) The situation when the bottom of the crystal
is connected to a grounded electrode.
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the integral of the electric field over the crystal (i.e. the voltage), as is described
in equation 5.32. Assuming a uniform field, the corresponding surface charge
density is then

σ0 ≈ −
2ε0εrλ∆Φ

2dn3
0r41π

. (5.43)

However, if we take into account the non-uniformity of the field, we find

∆Φ ≈−
∫ d

0

Ez(0, z)n
3
0r41ωdz

c

=
σ0

2ε0εr
C

[
z −

√
r2
0 + z2 +

2dz√
r2
0 + 4d2

+
√
r2
0 + (2d− z)2

]d
0

=
σ0

2ε0εr
C

(
d+ r0 −

r2
0 + 2d2√
4d2 + r2

0

)
, (5.44)

for a crystal that has a grounded electrode at the bottom, where C =
n3
0r41ω
c .

Likewise, we find

∆Φ =
σ0

ε0εr
C

[
z −

√
r2
0 + z2

]d
0

=
σ0

ε0εr
C

(
d+ r0 −

√
d2 + r2

0

)
(5.45)

for a crystal without a grounded electrode at the bottom. As was already dis-
cussed, the phase delay is the physical quantity that is being measured. In
general, this means that equation 5.43 underestimates the local surface charge
density. This is illustrated in figure 5.8.

Figure 5.8 clearly shows that the uniform field approximation may lead to a
large error if the surface charge is concentrated in a small area. For example, if
r0 ≈ 0.1d, the calculated value for the surface charge density is approximately 10
times too low. We see that the uniform-field approximation only yields realistic
values for the surface charge density if the length scale of the surface charge area
is at least comparable to the crystal thickness.

There are methods to calculate the real surface charge density σ(x, y) from
the measured phase delay by performing a two-dimensional Fourier transform
[99,102,103], but this is computationally exhausting and only yields a significant
improvement for relatively small features. For these small features, the measured
signal (phase delay) is often relatively low compared to the noise, introducing a
large error in the calculations.

In our experiments, we expect that most of the charges are deposited in the
channels where the streamers propagate. Therefore, we can expect long, thin
channels where charge is deposited. To investigate what signal we can expect
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Figure 5.8: Ratio between the surface charge density σcalc (calculated from equa-
tion 5.43) and the real surface charge density σreal (equations 5.45 and 5.44) at
the center of a surface charge spot with radius r0/d.

in this case, we performed a simple calculation for a situation where a uniform
charge density is present in a channel with varying width. Figure 5.9 shows a
plot of the measured phase retardation along a cross section of this channel for
various widths. As can be seen, the measured signal decreases rapidly when the
channel width D becomes smaller than the crystal thickness. It is important
to note that the total measured phase delay, integrated over the surface, for a
certain amount of charge Q will ultimately stay the same regardless of how the
charge is divided over the surface. In other words, we determine the total amount
of charge correctly, even if the we misinterpret how the charge is divided.

5.3.2 Resolution

Another important implication of the non-uniformity of the electric field is that it
limits the resolution of this method. We demonstrate this using a simple example
where a circular spot of diameter d0 and of uniform surface charge σ0 is present
on a crystal (not grounded at the bottom). Using a simple calculation, we can
find the integral of the electric field in the z-direction over the crystal thickness.
This is equivalent to the phase delay ∆Φ as was shown in equation 5.38. Doing so
gives us the result presented in figure 5.10. In general, the profile has a roughly
Gaussian shape with a FWHM of ∼ d0. As can be seen, the circular spot of
charge induces a phase shift that is perceived roughly as a 2D Gaussian profile.
Consequently, channels are smeared out, limiting the resolution of this method.

Another factor limiting the resolution is the inherent time integration per-
formed when one is taking images. For instance, let us consider the head of a
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Figure 5.9: Plot of the measured phase delay along the cross section of a uniform
channel of charge. Moving outwards, the diameters of the channels normalized to
the crystal thickness d, were D/d = 0.5, 1.5, 2.5, 4.5, 8.5, 16.5, 32.5. The value
obtained by the uniform field approximation is given by a dotted line.

streamer propagating along a BSO crystal. Locally, the field inside the crystal
will be highest very close to the streamer head. Assuming the streamer moves
with a velocity v in the order of 1 mm ns−1, this means that for an ICCD gate
width t0 of several ns, the streamer has already moved several mm. Consequently,
we measure a value for the electric field that is averaged over t0. Tanaka et al. [99]
report values for the electric field at the head of a surface streamer that are mea-
sured using the Pockels effect. However, their time resolution is 3.2 ns, a time
in which the streamer travels a significant distance. This means that the poten-
tial gradient they measure at the discharge head could simply be a result of the
inherent time integration.

The limitations of this method mean that we can only detect the high fields
at the streamer head if

• the size of the high field area r0 is at least comparable to the crystal thick-
ness d, so r0 ≥ d (see figure 5.8);

• the gate width of the camera is small in comparison with the movement of
the streamer, so t0 � r0/v.
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Figure 5.10: A uniform disk of surface charge density σ0 and radius d0 (upper
left pane) gives rise to a phase delay for light passing through the crystal around
this spot (upper right pane). As can be seen in the plot of the delay along the
central cross section (red line), the measured phase delay has a roughly Gaussian
shape.
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5.4 Experiments

In this section, we describe our experimental setup and the method used to
calculate the electric field. First, we give an overview of the setup, where we
describe the high voltage pulse circuit, the ICCD camera and the optics. Then,
we discuss the method used to convert the recorded images into electric fields
and/or surface charge densities.

5.4.1 Experimental setup

In our experiments, we used the electro-optical crystal both as a probe (through
the Pockels effect) as well as the dielectric sample along which discharges propa-
gate. We generate a high voltage pulse to a needle placed on the crystal surface,
and simultaneously let 532 nm light propagate through the crystal to find the
electric field. All experiments were performed in (ambient) air at atmospheric
pressure. We now first discuss the individual elements of the setup, and then
describe the timing of the setup as a whole.

BSO crystal

In our experiments, we used a BSO (Bi12SiO20) crystal as the Pockels cell and
as the dielectric sample. BSO has a refractive index n0 of 2.54 in the absence of
an electric field, and an electro-optic coefficient r41 = r51 = r62 = 4.8 pm/V (see
equation 5.26). The crystal’s dimensions were 25×25×0.7 mm. Furthermore,
BSO has a relative permittivity εr = 56 for low frequencies. It is important to
note that this value for the relative permittivity is valid only for static electric
fields. For discharges propagating on the surface, typical timescales are on the
order of several ns, which means that the relative permittivity in the GHz regime
should be applied here. Here, we assume the dielectric permittivity to be constant
in our measurements.

High voltage pulse

We used a Behlke HTS 401-10-GSM push-pull switch (in combination with a
capacitor) to generate high voltage (HV) pulses in our experiments. Typically,
we used voltages of 5-10 kV with a pulse length of around 1 µs. The BSO crystal
was placed in a sample holder which also served as a grounded electrode. A
needle, serving as the anode, was placed on the crystal surface under a ∼45◦

angle. We applied the high voltage pulse to this needle to generate discharges.
A drawing of the setup is shown in figure 5.11.

Optics

We used a pulsed high power LED to generate 532 nm light. The light, initially
unpolarized, is collimated by a fixed lens and then linearly polarized using a
linear polarizer. In our case, we used a polarizing beam splitter (PBS) for this
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Figure 5.11: The setup used in the experiments. A high voltage pulse is applied
to the needle electrode, generating a discharge that propagates along the BSO
crystal to the grounded cathode.

purpose. Next, the light beam passes through a λ/4 waveplate, making the
light circularly polarized. After this, the light passes through the BSO crystal
(entering the crystal perpendicularly), which induces a local phase shift ∆Φ(x, y)
(with (x, y) the position on the crystal) as a result of the local electric field.
Finally, the light beam passes through a linear polarizer (the analyzer) before
an ICCD camera images the light beam intensity I0(x, y). In our experiments,
we used a Stanford Computer Optics 4 Quick E ICCD camera. This camera is
capable of gate widths down to 1.2 ns and has a resolution of 1360×1024 pixels.
This whole process is illustrated in figure 5.12.

Timing

The setup as a whole is governed by a digital multi-channel function/delay gen-
erator. The setup needs 3 separate trigger pulses for the following elements:

1. the LED;

2. the ICCD camera;

3. the push-pull switch.

We use the start of the HV pulse, referred to as t0 as a reference. The start of
this pulse can be found easily, since the voltage on the anode is visible in our
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Figure 5.12: Schematic drawing of the setup, explaining the working of the optical
elements. The 532 nm light, initially unpolarized, is circularly polarized before
it enters the BSO crystal. The induced phase shift by the crystal makes the
light elliptically polarized. A linear polarizer oriented along one of the ellipse’s
principal axes makes the light linearly polarized before it is imaged by the ICCD
camera. Below, the corresponding polarizations for all elements are given.

measurement. We can therefore calibrate our delay ∆t with respect to t0. We
varied ∆t and the gate width tgate of the ICCD camera with respect to t0. The
LED was triggered in such a way that it was in the middle of its ∼1 ms pulse
when the ICCD was gated. Figure 5.13 gives an overview of the timing.

5.4.2 Experimental method

The images recorded by the ICCD camera show an intensity I(x, y) dependent
on the experienced phase shift ∆Φ(x, y). We also acquire a background intensity
I0(x, y), recorded in the absence of a discharge (and after all surface charges have
disappeared). Finally, we define a background intensity Ibg that is present regard-
less of the configuration of the optics (e.g. due to background light). Figure 5.14
then gives the measured intensity as a function of ∆Φ. For a delay of π/2, the
light is linearly polarized parallel to the analyzer and a maximum intensity is
measured. Similarly, for ∆Φ = −π/2 we measure Ibg. In general, the intensity
can be described by

I(x, y)− I0(x, y) = A sin(2∆Φ(x, y)), (5.46)

where A = 2(I0 − Ibg). If we assume that ∆Φ is small, we can linearize this
equation to obtain

∆Φ(x, y) =
I(x, y)− I0(x, y)

2(I0 − Ibg)
. (5.47)
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Figure 5.13: Schematic diagram showing the timing of the setup. The start of
the HV pulse is used a reference. The ICCD gate tgate occurs at a delay ∆t after
t0. The LED was triggered so that the middle of its ∼1 ms pulse coincides with
the ICCD gate.

Using equation 5.32, we then find

Ez =
−λ

dn3
0r41π

I(x, y)− I0(x, y)

2(I0(x, y)− Ibg)
. (5.48)

5.5 Results and discussion

In this section, we present the results obtained in the experiments. First, we
present some typical results and discuss typical orders of magnitude for the mea-
sured charge density. After this, we present results on the influence of the needle
position (with respect to the surface) and the pulse voltage. We also discuss the
lifetime of surface charges.

5.5.1 Discharge propagation

Initially, we performed experiments with the needle approximately 1 mm from the
surface. We started with the needle at ∼ 18 mm from the cathode and a voltage
of 9.5 kV. At this voltage, we could immediately distinguish channels forming
after the inception of the discharge. This is shown in figure 5.15a). Around
the needle, a positive spot is observed, most likely due to the potential on the
needle. The channels emerging from this spot give rise to a positive field inside the
crystal. This means the streamers most likely leave the surface positively charged.
The fact that the channels are observed almost immediately, indicate that these
surface charges are associated with an extraction of electrons. Possible processes
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Figure 5.14: Plot of the intensity I at a point (x, y) on the crystal as a function
of phase delay ∆Φ(x, y). Also indicated are the background intensity Ibg, the
reference intensity I0 and the amplitude A = 2(I0− Ibg). Below, the correspond-
ing polarization of the light as it passes through the analyzer (oriented at π/2)
is indicated.

are photoemission, secondary electron emission or field emission. Typically, we
find values around 1 kV/cm, equivalent to a surface charge density in the order
of 100 nC/cm2.

After the voltage pulse stops, the channels initially maintain their charge.
This is shown figure 5.15b). In the area around the needle however, the field
is now negative. Possibly, the fast grounding of the needle causes a negative
discharge towards the needle, leaving a net negative charge in this area. If we
increase the voltage to 10.5 kV and slightly decrease the distance between the
needle and the cathode (to ∼ 16 mm), we observe streamers that bridge the gap
between the needle and the grounded cathode. We observe a negative electric field
in a small region between the streamer channel and the cathode, indicating the
cathode jump observed in various experiments [18,19,86] is caused by a negative
streamer propagating upwards from the cathode.

5.5.2 Needle distance

To investigate the influence of the distance between the needle and the surface, we
varied this distance from 0 to 5 mm. All experiments were performed at 9.5 kV
and a repetition frequency of 1 Hz. Typical resulting images are presented in
figure 5.16. As is evident from this figure, clear differences can be observed
between the four needle distances. For 0 mm (figure 5.16a), we observe behavior
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Figure 5.15: Measured electric field perpendicular to the crystal (Ez) during (a)
and after (b) a 9.5 kV pulse was applied to the needle anode. Negative electric
field, indicating negative surface charges, is detected around the needle after the
voltage pulse. When the voltage was increased to 10.5 kV (c), the streamers
bridge the gap and negative field is detected close to the cathode as well.
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Figure 5.16: Typical measured electric field distribution about 300 ns after the
end of a 1 µs 9.5 kV pulse. The needle was placed 0 mm (a), 1.5 mm (b), 3 mm
(c) and 5 mm from the crystal surface.

similar to that presented in figure 5.15b: in the area around the needle a negative
field is measured, whereas several streamer channels with positive charge can be
distinguished. Increasing the needle distance to 1.5 mm, the behavior is similar,
although the streamer channels appear to have propagated further. The negative
charge around the needle also appears to have grown.

For 3 mm, we no longer observe a negative spot around the needle. Possibly,
a negative streamer still forms here, but propagates in the bulk gas rather than
along the surface. We also observe a spot where positive charge is deposited that
is not connected to any of the discharge channels. Most likely, this is a result
of a bulk gas streamer connecting to the surface at a later stage. Increasing the
needle distance further to 5 mm, we hardly observe channels anymore. Several
spots of charge are detected, indicating several streamers propagated through the
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Figure 5.17: Example of stroboscopic images of a streamer connecting to a dielec-
tric surface (TiO2) at a later stage (a) and at an early stage (b) of the discharge in
otherwise similar conditions. The surface streamer that connects later is clearly
thinner and slower (evident from the stroboscopic effect).

gas initially. Remarkably, most of these streamers appear to stop as soon as they
connect to the surface. The reason behind this behavior is unclear. Possibly, the
presence of bulk gas streamers ahead of these streamers shields the electric field
and stops their propagation.

Similar behavior has been observed before while investigating streamer affin-
ity for dielectric surfaces (see chapter 4). In some cases, streamers were observed
to start propagating along the dielectric surface at a later stage, when the bulk
gas part of the discharge had already propagated further. In these cases, the
observed surface streamers were thinner and slower (even slower than the bulk
gas streamers). Figure 5.17 shows two stroboscopic images of discharges where
streamers start to propagate along a TiO2 surface late (a) and early (b) in oth-
erwise similar conditions. As can be seen, a surface streamer that connects to
the surface later is significantly slower and thinner. We attribute this to the
electrostatic repulsion by the bulk gas streamers ahead of the surface streamer,
decreasing the electric field in front of the surface streamer. Possibly, we now ob-
serve similar behavior in these experiments. The thinner streamer channels may
be unobservable above the noise level due to the effect described in section 5.3,
or the reduced electric field may stop propagation altogether.

In general, it appears that there is an optimal needle distance for surface
streamer propagation. In otherwise equal conditions, surface streamers were ob-
served to propagate the furthest for a needle distance of 1.5 mm. It is unclear
why surface streamers propagate less far when the needle is placed on the crystal.
Possibly, this hinders propagation because many electrons stick to the surface as
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Figure 5.18: Total charge on the surface as a function of time for 5 kV pulse
amplitude.

they propagate towards the high-field region. Placing the needle further from
the crystal, we often observe individual surface spots of surface charge. Most
likely, this is due to bulk gas streamers colliding with the surface at a later stage.
Electrostatic repulsion may hinder their transition to a surface streamer.

5.5.3 Lifetime of surface charges

To investigate the lifetime of surface charges, we performed experiments for three
different voltages, namely 5, 9.5 and 14 kV. We determined the surface charge
density as a function of time and integrated this over the entire crystal surface.
Each data point represents 50 subsequent discharges at 1 Hz repetition frequency.
The results are presented in figures 5.18-5.20. Figure 5.21 shows the average
electric field for the recorded images (averaged over 50 shots) immediately after
the end of the voltage pulse.

From figure 5.18, we can immediately see that the net total charge goes to
zero quickly after the end of the voltage pulse. Most likely, this means there is
hardly any net charge deposited by the discharge. Looking at the average field
(figure 5.21), the reason behind this becomes clear quickly. As can be seen here,
we hardly observe any discharge channels. We only observe some charge in a
small area around the needle, but the net effect of this charge is nullified by the
negative spot around the needle. Although it seems that the discharge does not
propagate far from the needle for 5 kV, there could be another explanation for
the low observed total charge. As was discussed in section 5.3, smaller channels
of charge may be hard to detect. Referring to figure 5.8, we see that for surface
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amplitude. Data is fitted using equation 5.49.
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Figure 5.21: Average field over 50 shots for 5, 9.5 and 14 kV.

charge spots with a size smaller than the thickness of the crystal, the error induced
by the uniform field approximation increases drastically. Consequently, there is
a limit to the channel width we can detect. As we decrease the voltage, the
width of the discharge channels decreases, and the detected total surface charge
decreases disproportionately.

The negative spot around the needle is also observed for 9.5 kV and 14 kV,
and even grows for increasing voltage (see figure 5.21), but the discharge channels
are also much more pronounced. Consequently, we measure a net positive charge
(figures 5.19 and 5.20) after the voltage pulse disappears. An important difference
is that for 14 kV, the channels often form in roughly the same direction, as
is evident from the averaged image which still clearly shows several preferred
channels. For 9.5 kV, there also appear to be some preferred directions, but the
averaged image is smeared out more, indicating a larger spread in the direction of
the discharge channels. Remarkably, for 14 kV we also observe some areas with
a net negative surface charge between the positive channels. This is evident from
the lighter areas in between the positive channels in figure 5.21. It is unclear
whether this is a measurement error or a physical effect. Possibly, electrons are
collected by the surface in the areas where surface streamers do not form. We
also observe areas of negative surface charge near the cathode, most likely due to
negative discharges forming here as the positive streamers approach the cathode
(as discussed in section 5.5.1).

For both 9.5 and 14 kV, we observe a decrease in charge in the time range
0.1-1 ms, with the charge no longer detectable after approximately 1 ms. This
behavior indicates an exponential decay, as was observed by Wild et al. [96]
before. To validate this behavior, we fit the data for 9.5 kV and 14 kV with the
following function

Q(t) = a exp(−t/t0), (5.49)

where a is the initial charge and t0 is the typical timescale for charge decay. The
resulting fits are included in figures 5.19 and 5.20. We only considered the part of
the data after the voltage pulse, since otherwise we would also take the measured
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field due to the voltage on the needle into account. As can be seen, the fits
agree well with the experimental data. For 9.5 kV, we find a typical timescale of
t0 = 0.23 ms, whereas we find t0 = 0.47 ms for 14 kV.

Remarkably, the typical timescales we find are much shorter than those found
by Wild et al. [96]. They report two effective timescales t1 and t2, where t1 is
typically several hundreds of seconds. The second timescale t2 was found to be
dependent on the illumination power and attributed to an induced photoconduc-
tivity in the crystal, but typically still in the order of seconds. It is important to
note however that their setup is very different from ours. In their experiments,
they use a dielectric barrier discharge generated in a gas gap (at pressures be-
tween 100 and 400 mbar) between a transparent electrode and a BSO crystal with
a grounded electrode at the bottom. Nevertheless, charging effects are expected
to be similar, so the reported differences are still peculiar. A possible explanation
may be the fact that we use a relatively strong light source, which may (partially)
accelerate the diminishing of surface charges because of the induced photocon-
ductivity in the crystal. Wild et al. also report a possible pressure dependency of
the charge decay timescale t1, especially for positive charges. The higher pressure
used in our experiments could also partially explain the lower time constant we
find.

5.6 Recommendations for future experiments

Traditionally, the Pockels effect is used to measure the electric field perpendicular
to the crystal surface [3,4,95–99]. Although the electric field parallel to the crystal
surface can be measured indirectly by calculating the surface charge density [99]
from the electric field perpendicular to the crystal, it would be more accurate if
we can measure this directly. In this section, we discuss how we can design our
experiment in such a way that it allows us to measure the relevant component of
the electric field. We start by discussing crystal structures and the implication
for the outcome of an experiment. Next, we discuss an experimental method that
allows us to measure the direction and magnitude of the electric field in three
directions.

5.6.1 Crystal structures

The crystal structure is an important parameter when determining the most
suitable crystal for the experiments. In our case, we are mostly interested in
surface charges, hence the field perpendicular to the crystal is the most important.
For this purpose, BSO is a very suitable crystal. BSO is of cubic symmetry group
23, meaning it only has 3 non-zero (and equal) elements in its impermeability
tensor (see equation 5.26). Consequently, as was shown in subsection 5.2.4, we
can isolate the field in the direction perpendicular to the crystal by having a light
beam enter the crystal perpendicular to the crystal surface.
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The fact that the field in the z-direction fully determines the phase delay
for light beams entering the crystal perpendicularly is a result of the general
shape of the impermeability tensor (see equation 5.9) of all crystals in cubic
symmetry group 23. If we would be interested in the field parallel to the surface,
other crystal structures would be more suitable. For instance, trigonal symmetry
group 32 has the following impermeability tensor

r =


r11 0 0
−r11 0 0

0 0 0
r41 0 0
0 −r41 0
0 −r11 0

 . (5.50)

Consequently, the equation for the index ellipsoid now reads

x2

n2
0

(1 + n2
0r11Ex) +

y2

n2
0

(1− n2
0r11Ex) +

z2

n2
0

+

2yzr41Ex − 2xzr41Ey − 2xyr11Ey = 1. (5.51)

Without going into detail here (see section 5.2.4 for an elaboration in a similar
situation), for light entering the crystal from the z-direction the eigenvalues now
become λ1 =

1−n2
0r11
√
E2

x+E2
y

n2
0

λ1 =
1+n2

0r11
√
E2

x+E2
y

n2
0

. (5.52)

Hence, the experienced phase delay is now dependent on the absolute magnitude

of the field parallel to the surface E‖ =
√
E2
x + E2

y . This simple example shows

how we can measure different components of the electric field by choosing dif-
ferent materials. For a more elaborate overview of crystal structures and their
corresponding impermeability tensors [104] is recommended.

5.6.2 Resolving the three-dimensional electric field

Although changing crystals gives us an easy method to measure different compo-
nents of the electric field, this method is often not very convenient if we want to
measure the electric field in three directions. For instance, if we want to investi-
gate the electric field of discharges propagating along a crystal surface, changing
the crystal may change discharge properties. Therefore, it can be hard to com-
pare the electric fields measured in both experiments. Preferably, a method that
allows us to measure the field in three directions using a single crystal should be
used. Here, we propose an experimental method that allows us to measure the
electric field in three directions.

106



5.6. RECOMMENDATIONS FOR FUTURE EXPERIMENTS

Entering at 45 degrees

Let us consider a light beam entering the crystal at the origin O at an angle
θin = π/4 with the x-axis, i.e. ŝin = (x̂ + ẑ)/

√
2. For a BSO crystal, the index

ellipsoid is given by equation 5.27. Consequently, for this crystal we can set up
the following set of equations from equation 5.21

∂L
∂x = 0 = x+ Λ1sx + Λ2

(
x
n2
0

+ r41(yEz + zEy)
)

∂L
∂y = 0 = y + Λ1sy + Λ2

(
y
n2
0

+ r41(zEx + xEz)
)

∂L
∂z = 0 = z + Λ1sz + Λ2

(
z
n2
0

+ r41(xEy + yEx)
)

∂L
∂Λ1

= 0 = xsx + ysy + zsz
∂L
∂Λ2

= 0 = x2

n2
0

+ y2

n2
0

+ z2

n2
0

+ 2r41 (xyEz + xzEy + yzEx)− 1

. (5.53)

This set of equations can be solved to find two solutions for R = n. Doing so for
sx = sz = 1/

√
2, sy = 0, we find the following expression for R

R2 =
2n2

0 − n4
0r41

(
Ey ±

√
2E2

x + E2
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4
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. (5.54)

Using a Taylor expansion, we can find the following expression for the two effective
refractive indices

n1,2 = n0 +
1

4
n3

0

(
Ey ±

√
E2
y + 2(Ez − Ex)2

)
. (5.55)

Now that we have the refractive indices, we can calculate the optical path
length d = D/ cos θ (with D the crystal thickness) for both indices using Snell’s
law (equation 5.23). Hence, we find

θ = sin−1 1√
2n
. (5.56)

Now, the phase retardation is given by

∆Φ =
2π

λ

(
Dn1

cos θ1
− Dn2

cos θ2

)
. (5.57)

In other words, the measured phase retardation is a function of Ex, Ey and Ez.

A general solution

By itself, the measured phase retardation described in equation 5.57 does not
have a unique solution for the electric field, as it has three unknown variables
(Ex, Ey and Ez). However, if we take sy = sz = 1/

√
2, sx = 0, we find (in similar

fashion)

n = n0 +
1

4
n3

0

(
Ex ±

√
E2
x + 2(Ez − Ey)2

)
. (5.58)
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If we combine this with a an incoming light beam that enters the crystal perpen-
dicularly (leading to a phase delay given by equation 5.32), we now have three
phase delays and three unknowns Ex, Ey and Ez. This system can be solved to
find all three components of the electric field. In other words, to find all three field
directions, we need to perform measurements with tree incoming wave vectors:

ŝ1 = ẑ

ŝ2 = 1√
2

(x̂ + ẑ)

ŝ3 = 1√
2

(ŷ + ẑ)

. (5.59)

This set of incoming wave vectors give three measured phase retardances that
depend differently on Ex, Ey and Ez. Consequently, we can find the individual
components of the electric field.

5.7 Conclusions

We have investigated the Pockels effect as a field probing method and used it
to measure the surface charges associated with surface streamers. The following
important conclusions can be drawn:

• by placing a BSO crystal at a 45◦ angle with its x-axis, it is possible to
measure the field parallel to the surface. Another solution would be to
use a crystal of a different symmetry group, e.g. trigonal symmetry group
32, although the different crystal properties (e.g. permittivity or photo-
emission yield) can significantly alter the discharge as well;

• the electric field perpendicular to the crystal surface due to surface charges
can only be considered uniform if the surface charge area is large compared
to the crystal thickness. For smaller charge areas, the measured signal de-
creases and the error induced by the uniform field approximation increases;

• positive surface charges are observed almost instantaneously after a posi-
tive streamer propagates along a dielectric surface, indicating the surface
provides electrons for the discharge;

• we sometimes observe negative surface charges close to the cathode or
around the needle (the latter only after the voltage pulse ends), indicat-
ing the presence of negative streamers in these areas;

• there appears to be an optimal distance of ∼1.5 mm between the anode
and the crystal for surface streamer propagation in our geometry. For this
needle distance, surface streamers propagated further than for smaller or
larger distances;

• typical surface charge lifetimes were found to be in the order of hundreds
of µs, which is significantly shorter than values reported earlier.
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Chapter 6
Time-discretized extreme and
ultraviolet spectroscopy

6.1 Introduction

This chapter is a slightly adapted version of a paper that was published in Journal
of Physics D: Applied Physics 1. The discussion has been extended with the
most important results of additional experiments that were performed later. The
findings of these follow-up measurements were recently accepted for publication
in Plasma Sources Science and Technology which I co-authored 2

Photoionization plays an important role in the early stages of streamer and
spark discharges, as becomes evident from experiments on discharges in N2/O2

mixtures [18, 27, 105]. Discharge models incorporating photoionization generally
assume the necessary photoionization capable emission originates from molecular
bands of nitrogen in the vacuum ultraviolet (98-102.5 nm) [76, 106–110]. This
assumption is based on spectra obtained by measuring the spectra resulting from
electron impact in N2 [111,112]. However, experimental proof that this emission
also takes place in the early stages of streamer and spark discharges is lacking.

In a previous paper [113], a system was presented that is capable of performing
spectroscopic analysis of spark discharges in the EUV/VUV region (60-160 nm
in this case). Using an electrically actuated fast pneumatic gate valve (referred
to as a puff valve), a pressure gradient is introduced in a discharge chamber, such
that a spark discharge takes place in near atmospheric conditions, whereas the
rest of the system remains under vacuum. The latter allows for the propagation

1Trienekens, D., Stephens, J., Fierro, A., Dickens, J. & Neuber, A. Time-discretized extreme
and vacuum ultraviolet spectroscopy of spark discharges in air, N2 and O2. J. Phys. D. Appl.
Phys. 49, 035201 (2016).

2Stephens, J. et al. Photoionization capable, extreme and vacuum ultraviolet emission in
developing low temperature plasmas in air. Plasma Sources Sci. Technol. accepted, (2016).
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of EUV/VUV radiation generated by the discharge. Removing the transparent
dielectric barrier separating the discharge chamber from the spectrograph (as
was used previously in [1,114]) enables studying EUV radiation down to 60 nm,
which would otherwise be absorbed by the dielectric barrier.

In [113], it was noted that statistical variances significantly affected the mea-
sured spectra, leading to physically unresolvable negative values for background
corrected intensities. Also, it was noted that spectral lines often appeared to be
very broad. Although it was not made clear whether this was due to the appa-
ratus profile or due to physical line broadening mechanisms, it is reasonable to
assume that the apparatus profile is the dominant contributor to measured spec-
tral line widths. Thirdly, the apparatus sensitivity profile was unknown, making
it impossible to directly compare intensity of lines from different positions in a
given spectrum.

In general, earlier results obtained using this system have not yet provided us
with a clear view of the temporal development of the emission spectrum of spark
discharges in the EUV/VUV region. Measurements in air and air-relevant gases
and a more extensive analysis of the system are therefore needed.

6.2 System analysis

To be able to compare line intensities, the obtained spectra have to be corrected
using an apparatus sensitivity profile. The fluorescent quantum efficiency of the
sodium salicylate scintillator used has been assumed constant throughout the
measurement range, as suggested by literature [115].

The grating reflectance was also taken into account. It was found that the
percentage of light that is reflected by the grating varies from 5% to 89% through-
out the measurement range (see figure 6.1) [116, 117]. The grating reflectance is
assumed to be the dominant mechanism influencing the sensitivity of the system,
and is used to correct the obtained intensity of the lines.

This finding may explain why the spectra presented in [113] show relatively
low intensity for lower wavelengths.

It was found before that spectral lines obtained by the system are relatively
broad, mostly due to the apparatus profile. This may lead to an overestimation
of some lines, especially in the steep parts of the reflectance curve. Therefore, the
reflectance curve is convoluted with a triangular profile, yielding a more realistic
sensitivity correction.

In order to reduce statistical variances in the obtained spectra, we investigated
discharge behavior for a large number of shots using an Andor DH734-25U-03
ICCD camera. Analysis of the obtained images showed the discharge would of-
ten propagate along the puff valve cap or on the dielectric surface beneath the
electrodes in its early stage, as can be seen in figure 6.2. Figures 6.2a and c
show the discharge propagating upwards from the electrodes and along the puff
valve cap. Figure 6.2b shows the discharge propagating along the Kel-F surface
beneath the electrodes, see reference [113] for geometry details. The close prox-
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Figure 6.1: Grating reflectance (%) as a function of wavelength (nm) for the
Princeton #1200 coated grating [116,117].

imity to the discharge ruled out the use of a metal entrance slit. Kel-F (PCTFE)
(polychlorotrifluoroethene (CF2CC(F)n) was used to construct the entrance slit
due to its opacity and high machinability. In both cases, the discharge largely
avoids the entrance slit to the spectrometer chamber, which is located directly
between the needles. In a later stage, after 50 ns, the discharge would propagate
between the needle electrodes. This behavior however did not always occur and
was perceived as stochastic in nature.

Due to this stochasticity in the early stage of the discharge, it is obvious
this behavior is a cause of statistical variance in the captured signal. In order
to increase reproducibility of the discharge, we placed a ∼2 mm Kel-F spacer
underneath the needles. This forces the discharge along the spacer surface (and
across the entrance slit), greatly reducing the statistical variance observed before.

Figure 6.3 shows the obtained PMT signals for 10 shots at 130 nm, all taken
under the same conditions and with the Kel-F spacer beneath the needles. Sta-
tistical variation was greatly reduced by the introduction of the Kel-F spacer.
However, as can be seen, a significant amount of variation still exists between
subsequent shots, most likely due to the stochastic nature of the discharge. No
discharge took place at the last shot, therefore it is neglected in the averaging
process. Note there is also some jitter in the start of the PMT signal, a result of
of discharge inception jitter. This was corrected for when averaging over the 10
shots.

In general, we found that correlation between shots was lower for lower wave-
lengths. This is most likely a result of the increased necessity of background
corrections and the lower grating reflectance, leading to relatively higher noise.

An example of two averaged PMT signals that are corrected for grating re-
flectance is shown in figure 6.4.

In order to reduce the effect of statistical variance, we reject shots where the
time difference between the start of the PMT signal and the voltage pulse is
larger than 50 ns. Also, shots were the PMT signal stays below a threshold value
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Figure 6.2: ICCD images of the discharge without the Kel-F spacer. As can be
seen, the discharge would sometimes propagate along the puff valve cap above
((a) and (c)) or the Kel-F surface beneath the needles (b) initially. Later on, a
spark discharge between the needles would form (d). Needle-needle distance is
approximately 4 mm
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Figure 6.3: Example of PMT signals for air at 130 nm. Shown are 10 shots over
which averaging takes place. Average correlation between two shots is 67%.
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Figure 6.4: Averaged PMT signal for 107 and 120 nm. The signal is corrected
by dividing by the grating reflectance percentage.

of 1V are taken as zero to suppress noise.
Combined, the improvement made on the setup and the acquisition of an ap-

paratus sensitivity profile is expected to result in more reliable obtained spectra.

6.3 Experiments

Figure 6.5 shows the obtained spectra in the 60-160 nm region for air, O2 and
ultra high purity (uhp) N2. All spectra were averaged over 10 shots and have a
spectral resolution of 0.5 nm. Background measurements were performed using
the method described in [113] and averaged over 5 shots. This results in a total of
3015 shots per spectrum. Although the exact pressure is unknown, it was shown
in [113] that for a high voltage pulse delay of 350 µs (with respect to the puff
valve trigger) a pressure of 200-500 Torr is to be expected. This value was derived
by comparing the discharge morphology at varying high voltage pulse delays to
the discharge morphology at varying static pressures.

Obtained spectra are shown in 50 ns timesteps. Although severe artificial
broadening of the lines still complicates interpretation of the data, spectral con-
tent can clearly be distinguished. The comparison between air, uhp N2 and O2

clearly shows a difference in the 90-110 nm region, especially in the first ∼250 ns
of the discharge. Moreover, this range is known to correspond to strong emis-
sion from the b1, b

′1 and c
′

4 and singlet states of N2 (i.e. the Birge-Hopfield I
and II, and Carroll-Yoshino bands) [111, 112]. Note that for wavelengths below
102.7 nm direct photoionization of the oxygen molecule is possible. Photoioniza-
tion is always assumed to play an important role in the early stages of discharge
inception and propagation [18, 27, 105, 106] [76, 91, 107–110, 118, 119]. Molecular
nitrogen, having a higher ionization potential than molecular oxygen, is capable
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Figure 6.5: Spectra of air, uhp N2 and O2 in the 90-160 nm region in 50 ns
timesteps.
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of emitting photons with the energy required for this process [120, 121]. Our
results show that spectra for air and uhp N2 are very similar in the 90-110 nm
region in the first 150 ns, as can be seen in the upper three panes of figure 6.5.
Also, it is evident that emission for O2 is much lower in this region. This clearly
shows that for air and uhp N2, emission is taking place in the region where direct
photoionization of molecular oxygen is possible, whereas this emission is much
lower for a discharge in O2. This implies emission is indeed mostly due to the
presence of nitrogen.

In the later stage of the discharge, a large peak at ∼107-109 nm can be seen
in all three spectra. Although the purity of the oxygen is not known exactly, the
fact the peak arises in all three spectra (air, O2 and uhp N2) suggests an external
factor. Emission from Cl, introduced in the discharge gap by degradation of the
C-Cl bond in the Kel-F spacer under the needles, is the most likely reason for
the 107-109 nm peak [122, 123]. A peak at 107.5 nm was observed by Stephens
et al in additional experiments on the same setup [77].

A comparison between the experimentally obtained spectrum in air (90-160 ns)
and the theoretical spectrum obtained by Spectraplot [114] is shown in figure 6.6.
An electronic temperature of 1.6 eV was assumed for this stage of the dis-
charge [77]. Note that only atomic and singly ionized nitrogen and oxygen were
taken into account. As can be seen, several of the experimentally observed spec-
tral features are present in the theoretical spectrum as well. The difference in
intensities may be explained by the fact that we expect our plasma not to be op-
tically thin, an assumption that is used in SpectraPlot. This might for instance
cause the lower intensity for the 120.0 nm line in the experimentally obtained
spectrum. This is a transition to the ground state of atomic nitrogen, meaning
self-absorption should play an important role here. Also, the assumption of local
thermodynamic equilibrium (LTE) used in SpectraPlot can be questioned, as was
discussed in [77], and may lead to discrepancies between the experimental and
theoretical spectrum.

The most important difference between the theoretical and experimental spec-
trum however can be observed in the 95-105 nm region. Optically thick or not, we
observe strong emission in this region, where atomic and ionic nitrogen and oxy-
gen are not expected to contribute to emission to this extent [123], as is inferred
from the spectrum simulated with SpectraPlot. We attribute this emission to N2

singlet transitions, as was stated earlier. This supports our claim that molecular
nitrogen is the most important source of this photoionization capable emission.

6.4 Conclusions

We have experimentally obtained time-resolved spectra for spark discharges in
O2, uhp N2 and air in the 90-160 nm range. Although the broad apparatus pro-
file complicates line identification, our results clearly show significantly higher
emission in the 95-105 nm range in air and uhp N2 compared to O2 in the early
stages of discharge formation. We conclude this emission originates from N2
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Figure 6.6: Comparison between the experimentally observed spectrum for air
(100-160 ns) and the theoretical spectrum calculated using Spectraplot [114].

singlet transitions. In this range direct photoionization of oxygen molecules be-
comes possible. This leads us to the conclusion that this photoionization capable
emission originates from molecular nitrogen, a claim that is further supported by
comparison with spectra calculated using SpectraPlot. These simulated spectra
show atomic and singly ionized nitrogen and oxygen are not expected to con-
tribute heavily to emission capable of directly ionizing molecular oxygen.

In follow-up measurements [77], it was later found that the observed emission
indeed originated mostly from molecular nitrogen. Moreover, radiative transi-
tions from the b1Πu and b

′1Π+
u , i.e. the Birge-Hopfield I and II singlet states

were not observed. Only radiative transitions from the c
′

4Σ+
u (Carroll-Yoshino)

singlet state were observed. Most likely, the high predissociation susceptibility of
the Birge-Hopfield states decreases emission from these states. This finding seems
to indicate that the Carroll-Yoshino transitions are dominant for photoionization
in air. In addition to c

′

4 transitions, several transitions of atomic and singly
ionized oxygen were observed below 102.7 nm. This indicates these transitions
cannot be neglected.
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Conclusions

7.1 Conclusions

Using the experimental techniques discussed in this thesis, we have investigated
the physical mechanisms governing streamer propagation near dielectric surfaces.
From the results of our experiments, several important conclusions can be drawn.

Pulsed positive discharges in air near a dielectric rod

We have experimentally investigated pulsed positive discharges in a cylindrically
symmetric setup and made a comparison with the outcome of a 2D fluid discharge
model. The following conclusions can be drawn.

• Pulsed positive discharges in air were found not propagate along a dielectric
rod as long as they maintain their cylindrical symmetry. This experimental
observation is supported by the results of a 2D fluid discharge model using
cylindrical symmetry. The rod merely blocks part of the discharge. Material
properties and the photoemission yield of the rod were found to have no
effect on this. We believe that the abundance of photoionization in air
causes the discharge to follow the electric field lines.

• A 2D fluid discharge model can be used to accurately model discharge
morphology and velocity as long as the discharge maintains its cylindrical
symmetry.

• As long as the discharge maintains its cylindrical symmetry, self-repulsion
of the discharge will generally be stronger than attraction to the rod and
push the discharge away from the rod in our geometry. A simple calculation
shows that for the given geometry, surface discharges can only be expected
for very high permittivity of the sample or very thick rods.
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• As soon as the cylindrical symmetry of the discharge is broken (i.e. when
streamers emerge from the inception cloud), streamers may propagate along
the rod at a velocity that is clearly higher than that of bulk gas streamers.

• If the inception cloud extends beyond the top of the rod, a conical shaded
region is formed where the discharge does not propagate.

Streamer affinity for dielectric surfaces

Using (stroboscopic) ICCD imaging of discharges with a repetition frequency of
1 Hz, we have identified several important parameters that determine whether
or not a streamer will propagate along a dielectric surface. We have discussed
these parameters and discussed how, in general, they can be classified in two key
mechanisms: modification of the electric field and the production or absorption
of free electrons.

• Surface discharges are much more likely in pure nitrogen (less than 1 ppm
impurities) than in (artificial) air for pressures below atmospheric pressure.
The relative contribution to the production of free electrons by the surface
(e.g. through photo-emission) increases in pure nitrogen, where photoion-
ization hardly plays a role. Hence, discharges deviate from the electric field
lines to follow the surface. In air, where photoionization is abundant, the
discharge tends to follow the field lines.

• Surface streamers in nitrogen do not always form immediately when a
streamer encounters the surface. However, we have always observed them
in our experiments. We also found that surface streamers can be up to
3 times as fast as bulk gas streamers in nitrogen.

• Surface discharges in air are more likely for lower voltages. As the voltage
decreases, the electric field decreases and impact ionization reduces. The
average electron energy will reduce and consequently (relatively) more low
energy photons will be emitted. These low energy photons will not lead
to photoionization, but may still produce free electrons through photoe-
mission. Consequently, the relative importance of photo-emission increases
and the discharge is more likely to propagate towards the dielectric surface.

• The position and relative permittivity of a dielectric sample have a large
influence on the probability of surface discharges. As the sample is moved
further from the central axis, the background electric field lines point to-
wards the side of the sample, making surface discharge much more likely.
Obviously, there is an optimum in displacement, as displacing the sample
further may also decrease the probability of a discharge encountering the
surface.

• Surface streamers are more likely for higher relative permittivity. If we
increase this parameter field lines bend towards the dielectric surface and
we observe more surface discharges.
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• As the pressure increases, we observe a higher probability of surface dis-
charges in air. In bulk gas discharges, all length scales will scale roughly
with inverse pressure. A dielectric sample that is present in the discharge
gap, will obviously not scale accordingly. Hence, for increasing pressure
the sample becomes bigger relative to the discharge. Consequently, electric
field amplification due to polarization in the dielectric increases.

The Pockels effect

We critically review the Pockels effect as a field-probing method and identified
its limitations and possibilities. Below are the most important findings from this
review and the measurements we performed using this method.

• Due to the small time scales associated with streamers, very short exposure
times (typically less than 1 ns) are needed if one wants to measure the
electric field of the discharge itself. The propagation of the discharge should
be negligible in this exposure time to accurately measure the field at the
head of a streamer.

• Positive surface charges are observed almost instantaneously after a positive
streamer propagates along a dielectric surface. This indicates that the
surface releases electrons, which may aid discharge propagation.

• Charges induced by streamers propagating along a BSO surface were ob-
served to disappear after approximately 1 ms. This is much faster than
time scales reported in another paper, which are in the order of 100 s. It
is unclear what causes this large difference. Possibly, photoconductivity of
the crystal limits the lifetime. The difference in discharge and the increased
pressure may also play a role.

• We sometimes observe negative surface charges in the area around the anode
and close to the cathode after the voltage pulse has stopped. This indicates
the presence of negative streamers in these areas.

• There appears to be an optimal distance between the anode needle and
the crystal for surface streamer propagation. In our experiments, where a
needle was placed at varying distance to a 25× 25× 0.7 mm BSO crystal,
streamers clearly propagated further for a needle distance of 1.5 mm than
for 0, 3 or 5 mm.

• The Pockels effect can be used to measure surface charges induced by sur-
face streamers. However, the uniform-field approximation used in many
papers will often lead to a relatively large error in the absolute values for
the surface charge density as well as the area in which this density is present.

• From a theoretical analysis it is proposed to use a measurement technique
where light enters a BSO crystal from three different angles, it is possible
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to measure the direction and magnitude of the electric field in the crystal
in three dimensions. Another option would be to use a crystal of a different
symmetry group, although it can be tricky to compare discharges along
different surfaces.

EUV/VUV spectroscopy

We used EUV/VUV emission spectroscopy to obtain and analyze spectroscopic
data on spark discharges in the 90-160 nm region in air, nitrogen and oxygen.
From this work, we can draw several important conclusions.

• Spectra for air, nitrogen and oxygen clearly show that emission in the region
relevant for photoionization (∼100 nm) is much higher in air and nitrogen
than in oxygen in the first 250 ns of the discharge. This means that this
emission must originate from nitrogen. The lack of atomic or ionic tran-
sitions in this region, indicate that emission from transitions of molecular
nitrogen are responsible.

• Emission from the c
′1
4 Σ+

u band (the Carroll-Yoshino band) was shown to
be the dominant contributor to emission capable of directly photoionizing
molecular oxygen. Some emission from atomic and ionic oxygen was also
observed.

• Emission from the b1Πu and b
′1Σ+

u (Birge-Hopfield I and II) singlet states
was not observed, despite the fact that these singlet states were widely
believed to contribute to emission in the region relevant for photioniza-
tion. Most likely, the higher susceptibility to predissociation of these bands
limits their contribution to photoionization in discharges around or above
atmospheric pressure.

Implications

Our experimental results give more insight in the physics behind surface dis-
charges. We have identified several important parameters that determine if a
streamer propagates along a dielectric surface or not. Along with the accompa-
nying discussion, this has led to a better understanding of the mechanisms that
govern streamer propagation. Ultimately, our work can lead to better models
for the propagation of streamers. Better design rules for various applications
where streamers are used or should be prevented may also be derived from this
knowledge.

We have critically reviewed the Pockels effect as a field-probing method. Our
work gives new insights into the limitations but also possibilities of this method.
These implications reach beyond the scope of streamer research and are important
in all applications where the Pockels effect is used.

Finally, our spectroscopy results show, for the first time, which transitions
are responsible for photoionizing radiation in air. This finding can be used to
implement photionization in a more accurate way in discharge models.
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7.2 Recommendations

Although the work presented in this thesis gives many new insights in the physics
behind surface discharges and has answered several open questions, new questions
also arise from it. Below, we will discuss some of the most important open issues
and give recommendations for future work.

• To be able to accurately model streamers in the vicinity of dielectric sur-
faces, their intrinsically three-dimensional dynamics need to be taken into
account. Hence, the development of a model that is able to simulate stream-
ers near dielectrics in 3D should be one of the top priorities. One of the
most important open questions is why surface streamers are much faster
than bulk gas streamers. A 3D model for streamers near dielectric surfaces
might give new insights in this matter. Progress on this work looks promis-
ing, and 3D models of streamers can now be used to explain phenomena
like laser guiding [124]

• By varying the oxygen content of nitrogen-oxygen mixtures, we can inves-
tigate the importance of the production of free electrons by the surface
relative to photoionization. This would allow us to study at which point
the streamers deviate from the electric field lines to follow the surface. This
can than be used as valuable input for models.

• We have only been able to find photo-emission yields for two materials.
This severely hinders the investigation of the importance of this parameter.
More knowledge about the photo-emission yield curves of various materials
would enable an in-depth investigation of this parameter. For instance, if
we have several (transparent) materials with known yield curves, we can
use these materials as coatings for the BSO in the Pockels effect setup to
study the differences in induced surface charges for these materials.

• Discharges that are close to dielectric surfaces may lead to high fields at
the surface. Therefore, field emission may affect the discharge propagation.
The relevance of this effect and its implications should also be studied.

• We proposed a measurement technique that lets us resolve the electric field
in three dimensions inside the BSO crystal in the Pockels effect setup.
Testing and further development of this technique is necessary before it
can be implemented in various other applications and investigations.

• In the EUV/VUV spectroscopy setup, it would be interesting to replace
the exit slit and photomultiplier tube with an ICCD camera. This way,
we would be able to image an entire spectral range at once on a sodium
salicylate scintillator. Also, an accurate measurement of the gas density
during the discharge event would give more insight in the experimental
conditions.
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Appendix A
Transformation to principal axes
for BSO

For BSO (cubic symmetry group 23), the impermeability tensor is given by

rBSO =


0 0 0
0 0 0
0 0 0
r41 0 0
0 r41 0
0 0 r41

 . (A.1)

Additionally, for BSO nx = ny = nz = n0 in the absence of an externally applied
electric field, so equation 5.34 reduces to

x2

n2
0

+
y2

n2
0

+
z2

n2
0

+ 2yzr41Ex + 2xzr41Ey + 2xyr41Ez = 1. (A.2)

We can translate this to a matrix A as given by equation 5.11

A =

 1/n2
0 r41Ez r41Ey

r41Ez 1/n2
0 r41Ex

r41Ey r41Ex 1/n2
0

 . (A.3)

To find the eigenvalues λ1, λ2 and λ3 of this matrix, we have to find where the
determinant of A− λI (with I the identity matrix) is equal to zero:

λ3 − 3

n2
0

λ2 +

(
3

n4
0

− r41(E2
x + E2

y + E2
z )

)
λ−(

1

n6
0

+ 2r3
41ExEyEz −

r2
41(E2

x + E2
y + E2

z )

n2
0

)
= 0 (A.4)
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This equation has three solutions, which Slikboer showed can be reduced
to [125] 

λ1 = 1/n2
0 + r41(X1 +X2)

λ2 = 1/n2
0 − r41

((
1
2 + i 1

2

√
3
)
X1 +

(
1
2 − i

1
2

√
3
)
X2

)
λ3 = 1/n2

0 − r41

((
1
2 − i

1
2

√
3
)
X1 +

(
1
2 + i 1

2

√
3
)
X2

)
,

(A.5)

with X1 =
(
ExEyEz +

√
E2
xE

2
yE

2
z − 1

27 (E2
x + E2

y + E2
z )3
)1/3

X2 =
(
ExEyEz −

√
E2
xE

2
yE

2
z − 1

27 (E2
x + E2

y + E2
z )3
)1/3

.
(A.6)

This can be further summarized as

λk = 1/n2
0 + r41

(
Y 2
kX1 + YkX2

)
(A.7)

with

Yk =


1

−
(

1
2 − i

1
2

√
3
)

−
(

1
2 + i 1

2

√
3
)
.

(A.8)

Now that we have the eigenvalues, we still need to find the corresponding
eigenvectors to make the transformation to the new principal axes. These can be
found by solving the equation (A− λkI) vk = 0. Slikboer [125] showed that the
solution is given by

vk =

vkxvky
vkz

 =

 −E2
x + Y 2

k (YkX1 +X2)2

ExEy + YkEz(YkX1 +X2)
ExEz + YkEy(YkX1 +X2)

 . (A.9)

It should be noted that these eigenvectors are not normalized yet. Also, this
equations A.5-A.9 are valid only if Ex, Ey, Ez 6= 0. If any of these terms is equal
to zero, the transformation will be easier. From now on, we will use the notation
v̂1 = u, v̂2 = v and v̂3 = w for the new principal axes. Now that we have
found the (new) principal axes of the crystal under the influence of Eext, the new
equation for the index ellipsoid is.

u2/n2
u + v2/n2

v + w2/n2
w = 1, (A.10)

with λu = 1/n2
u and similar for v and w. For small perturbations of the index

ellipsoid, one can state that

nk = n0 + ∆nk ≈ n0 −
1

2
r41n

3
0

(
Y 2
kX1 + YkX2

)
, (A.11)

for k = u, v, w. Note that only the real part of this equation should be taken into
account.
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Appendix B
Derivation of Fresnel’s equation of
wave normals

Let us assume we have already transformed to a system aligned with the principal
axes of the index ellipsoid. Using equations 5.8 and 5.15 we find

Di =
n2

µ
(Ei − si(̂s ·E)) = εiEi ⇒(
n2 − µεi

)
Ei = n2si(̂s ·E), (B.1)

where i = x, y, z. This can be rewritten to

Ei =
n2si(̂s ·E)

n2 − µεi
=
n2si(̂s ·E)

n2 − n2
i

, (B.2)

where we used ni =
√
µεi. If we multiply this equation by si and sum over

i = x, y, z we find

sxEx + syEy + szEz = (̂s ·E) =

n2s2
x(̂s ·E)

n2 − n2
x

+
n2s2

y (̂s ·E)

n2 − n2
y

+
n2s2

z (̂s ·E)

n2 − n2
z

. (B.3)

Next, we divide this expression by (̂s ·E) to obtain

1 =
s2
x

n2 − n2
x

+
s2
y

n2 − n2
y

+
s2
z

n2 − n2
z

. (B.4)

Then, we use s2
x + s2

y + s2
z = 1 to rewrite eq. B.4 to

s2
x

1
n2 − 1

n2
x

+
s2
y

1
n2 − 1

n2
y

+
s2
z

1
n2 − 1

n2
z
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APPENDIX B. DERIVATION OF FRESNEL’S EQUATION OF WAVE
NORMALS

Using vp = c/n this can be rewritten to

s2
x

v2
p − v2

x

+
s2
y

v2
p − v2

y

+
s2
z

v2
p − v2

z

= 0. (B.6)

Multiplying by the denominators we find Fresnel’s equation for wave normals
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