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A B S T R A C T   

This paper presents the imaging and simulations of positive airborne and surface streamers in the air that is 
adjacent to a dielectric material. The goal of this paper is to investigate the intriguing observation of the 
occurrence of airborne streamers that originate at a dielectric surface at a distance from the tip of a high-voltage 
electrode. This effect may be attributed to the accumulation of charges at a spot on the dielectric material during 
subsequent streamers. Such a positively charged spot causes airborne streamer inception after reaching the 
critical value of the charge density. This effect is observed in a side-view configuration by high-speed imaging in 
a time-accumulated and spatially resolved mode. The hypothesis of the occurrence of airborne streamers in 
certain sequences was complemented by 2D simulations. The surface charge densities were quantitatively 
evaluated by the simulations. Two types of streamers were simulated: first – without an accumulated surface 
charge; and second – with a spot of a defined charge density (which triggers the airborne streamer). After 
reaching the critical value of the charge density, such spots that are charged during subsequent cathode-directed 
streamer events may trigger a discharge towards the air side. The length of the surface streamer along the 
dielectric surface is voltage-dependent. The experimental and simulation results extend the insight to streamer 
mechanism in configurations with charges accumulated on the dielectric surface – including the inception of an 
airborne streamer.   

1. Introduction 

In the high voltage electrical generation, transmission, distribution 
constructions and in emerging areas such as renewable photovoltaic or 
even e-mobility (where the strive towards higher voltage is expected) as 
well in biomedical processes and applications that involve plasma [1], 
the crucial element from the electric insulation point of view is the gas- 
dielectric-metal interface (which is often called a tipple junction point). 
This interface is associated with surface discharges under certain con
ditions, which may lead to insulation deterioration in the form of ero
sions or even flashovers. These are important for power equipment’s 
reliability and long-term endurance. The discharge development is 
related to so-called streamer inception, formation, and development. 
Streamers are usually defined as a tiny channels of ionized gas. The 
physics of streamers is an important area of electrical discharges in 
gases. There has been a lot of research with respect to streamer mea
surement [e.g., [1–5]] and streamer modeling [e.g., [6–17]] – especially 
in the last few decades. In general, the research refers to both positive 
(cathode-directed) and negative streamer development. Inception of 

streamer discharges starts typically in a highly non-uniform electric 
field. Then, they may propagate into a region that has a background 
electric field below the breakdown level. For decades [2–4], a streamer 
has been described and visualized as a fast-moving head that propagates 
as an ionization wave and leaves an ionized tail behind [1,14]. During 
the propagation of a streamer channel, various forms of branches and 
filaments are usually observed. The random spatial branching is attrib
uted to the fluctuations of electron density in the region in front of a 
streamer head as well as the presence of space charges [14]. In the last 
few decades, strong development has also been observed in fast streamer 
imaging [18–24]. A streamer’s development is usually analyzed in air, 
SF6, or gas mixtures [25–28]. Usually, the test arrangement is point- 
plate and streamer development in bulk gas is analyzed. With respect 
to practical implementations, an important configuration is also a setup 
with surface discharges along the dielectrics [29–31]. Surface streamers 
may further lead to flashovers under certain condition, thus creating 
dangerous effects in terms of high-voltage (HV) electrical insulation. It 
has also been noticed that the presence of a surface decreases the 
breakdown voltage in an atmospheric environment [5,29,32]. Those 
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streamers that develop adjacent to a surface are involved in several 
processes, which is the subject of ongoing research worldwide. 
Depending on the materials, electrode configurations, or composition of 
the gaseous environments, these refer to the investigations of the 
interplay of streamer development and its associated charge trapping, 
secondary electron emission, and the emission of photoelectrons. There 
are various interpretation of these effects as well as the impact of a 
dielectric surface on streamer development [1–5]. The possible occur
rence of two streamer phases (air and surface) has also been suggested 
[29,32]. In this work, the measurements and simulations of positive 
cathode-directed surface and airborne streamers that are propagated in 
the presence of an adjacent dielectric surface in atmospheric air are 
reported. The coexistence of the surface and airborne streamers is pre
sented. An especially intriguing observation of the occurrence of 
airborne streamers that originate at a dielectric surface at a distance 
from the tip of a high-voltage electrode are also investigated. Paper 
extends the knowledge and presents hypothesis about the origin of the 
airborne streamer as an effect of the surface charge accumulation. This 
effect was observed experimentally and is explained by simulations in 
the paper. 

2. Surface streamer discharges 

One of the most typical forms of discharges are surface discharges. 
The initiation of a surface streamer is usually focused around a triple 
junction. Several theories have been elaborated regarding electrons 
traveling along a dialectic surface [30,33,34], such as a secondary 
electron emission avalanche, an electron cascade, or an electron strike 
surface in a vacuum. It has been observed [30] that a single avalanche 
can only charge within nanoseconds on a narrow strip; thus, many 
streamers may be required to achieve a final surface charge state. Sig
nificant research has been carried out on the influence of previous 
positive streamers on discharge propagation [35–38], including elec
trodeless initiated discharges [39]. The discharge transitions are often 
attributed to the memory effects that are associated with residual 
accumulated charges [40–46]. Significant influence on the streamer 
propagation along a dielectric surface have material properties, espe
cially permittivity [13,33,34,47]. 

The positive streamers move in an opposite direction to the electron 
drift. In this context, a source of the electrons that are in front of the 
streamer head is required for cathode-directed streamer propagation. 
Hence, the positive streamer growth depends not only of the local 
electric field but also on the electron density in a head forefront [48]. 
There are various methods for modeling this aspect – either as a complex 
photoionization mechanism or as background ionization [49–51]. The 
coefficients of ionization α and attachment η are required, which are 
modified by the presence of a dielectric surface. As proposed in [32], 
two effects may occur:  

• The surface emits electrons due to photon bombardment. This may 
contribute to both the supply of avalanche-initiating electrons 
(increasing photoionization) and to the bulk ionization in the 
avalanche (contributing to the collisional ionization).  

• The surface may attach electrons in surface traps and positive ions by 
electrostatic attraction, thus causing an additional attachment to the 
one in the gas. It was thus postulated that the ionization and 
attachment coefficients that control the streamer propagation along 
a dielectric surface are higher than those in air. 

For surface discharges, photo electron emission from the insulator 
surface can contribute in a surface-adjacent layer to the photoionization 
of the oxygen molecules in the bulk streamer discharges [52]. Some 
researchers have associated this effect with the resulting speed of the 
streamers, which are faster at the surface as compared to the bulk 
penetration [13,53,54]. 

The positive streamer propagates due to the strong electric field 

gradient in the tiny head layer of the space charge; this maintains the 
ionization process, as the electrons in this case are sucked backwards by 
a streamer stem. The photoionization in air is usually explained as the 
interplay between the nitrogen and oxygen processes [49]. The accel
erated electrons excite the nitrogen atoms by the impact through the 
strong electric field in the streamer head. N2 possesses higher ionization 
energy that oxygen (15.6 eV vs. 12.8 eV); thus, an excited nitrogen 
molecule can emit a photon and ionize an oxygen molecule. The elec
trons can be also obtained by detachment from negative ions through 
collisions or background ionization. The electrons obtained from back
ground ionization are used in this paper in the simulation section, which 
includes research, modeling, and simulations (including measurement 
verification from the last decade especially) 
[1,13,14,26,34,35,38,48,51,52] on positive streamers. The faster prop
agation of positive streamers was observed and explained with respect to 
negative ones in [13,49,52,54]. 

A streamer’s development along a dielectric surface is a complex 
problem that involves the impact of the dielectric materials, the 
composition of gases, and the electric field, among others. It was 
observed in [29] that, in the presence of a dielectric surface on a ni
trogen atom, the electrons that impact the surface will be trapped in the 
bulk of the dielectric. In this case, this energy is still below the first cross- 
over point for secondary electron emission and refers to the impacting 
electrons. Therefore, the electrons that hit the dielectric surface are 
trapped in the bulk of the material. In nitrogen, such an electron lacks 
the necessary energy for liberating the secondary electrons from the 
surface and are therefore trapped by the material surface. However, as 
reported in [29], the case is different for air with its oxygen content. In 
this case, a positive surface charge is present due to photoemission. It 
was stated that the elevated UV presence in the excited air is releasing 
electrons from the material surface, resulting in a net positive charge 
that attracts the electron avalanche head; this causes a streamer to 
propagate close to the surface. In air, enhanced photoemission is 
observed due to its UV intensity (which is higher than it is in nitrogen). 
In the case of energy that is too low for secondary electron emission, an 
absorption of the electrons by the surface will occur, resulting in surface 
charging. Thus, it may be stated that, the level of oxygen concentration 
of the environment determines whether the adsorption of the electrons 
by the dielectric surface or photoemission dominates in determining the 
surface charge [55]. There is still a lot of ongoing research into which 
mechanism i.e. the attraction or repulsion of the electrons by the surface 
charges or the photoemission effect from the surface as a supplementary 
mechanism of electron origin in the gas is dominant. 

Surface discharges that propagate on the dielectric material over a 
long period of time may cause erosion and insulation degradation; this 
can lead to a potential flashover at a certain stage. There are various 
methods for assessing the condition of the insulation. Recently, tracing 
hyperspectral imaging has also been applied for deterioration, creating 
an interesting approach for diagnostic applications [56]. 

3. Experimental setup and measurement methodology 

The experimental setup was designed to record the sequence of 
streamers that propagated adjacent to an dielectric surface. Consisting of 
optical imaging and electrical discharge recording, the experimental 
configuration and measuring instrumentation is described below. 
Cathode-directed streamers developed at the tip of a high-voltage elec
trode. The sinusoidal high-voltage waveform was applied to trigger a 
sequence of streamers on the positive rising part of the waveform (half- 
period, angle 0◦–180◦). A frequency of 4 Hz was selected to make it 
possible to continuously record the discharges over consecutive periods 
without time gaps. The voltage and interelectrode distance were tuned 
to achieve streamer development along the dielectric surface but not 
bridging the electrodes, thus failing to reach the cathode. The voltage 
magnitude was adjusted up to 20 kV. The partial discharge (PD) 
inception voltage in the presented configuration was observed at 6.8 kV. 
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In this way, cathode-directed streamers are generated above this 
threshold value. For an individual streamer event with a duration of 
several dozen nanoseconds, the voltage can be treated as a constant. The 
camera was adjusted for the synchronous imaging of streamers within a 
half-period. In this way, the superposition of the streamers was 
obtained. 

3.1. Experimental configuration 

The experimental setup is presented in Fig. 1. This configuration 
reflects the phenomena that occur on the surface of various high-voltage 
insulators designs (including GIS - Gas Insulated Switchgear and GIL - 
Gas Insulated Lines spacers). The experiments were performed on the 
specimens made of epoxy material (depicted in yellow), which was 
placed in an inclined position with a tilt angle of α = 45◦. The high 
voltage point electrode, sticking to the dielectric material, is fixed above 
the grounded planar plate. The electric permeability of the dielectric 
material was εr = 5. The experiments were performed with a dielectric 
plate with a thickness of 1 mm (there were plates with various thickness 
tested, down to the 0.3 mm). The distance a = 20 mm was set between 
the HV point and plate electrodes. The point electrode’s tip had a 
spherical radius of r = 50 μm. The investigations were done at room 
temperature under standard conditions; i.e., at an atmospheric pressure 
of ca. 0.1 MPa. 

The cross section geometry of the setup configuration in the side- 
view shown in Fig. 1 is also utilized for the streamer propagation sim
ulations and calculations of electric field distribution. To provide unified 
initial conditions, the dielectric specimens were neutralized prior to the 
experiments to avoid polarization effects and to discharge possible 
accumulated surface charges. In this way, only untreated samples were 
exposed. 

3.2. Instrumentation of discharge imaging and PD phase-resolved 
measurement 

The streamers that were adjacent to the dielectric surface were 
observed by an iCCD camera that was positioned at a side view with 
respect to the specimen [57,58]. The experimental setup and instru
mentation is shown in Fig. 2. In the experiments, an imaging equipment 
composed of high speed camera Andor iCCD (model iSTAR DH334) was 
applied. The system consists of CCD matrix with a resolution of 1024 ×

1024 pixels. A quantum efficiency of an applied optical intensifier was 
within a spectral range between 200 nm and 850 nm. The applied op
tical lens system consisted of a UV lens (Ricoh model FL-BC2528) having 
a focal length of 25 mm. For fine adjustment and strong focus on a 
streamer spot, the set of extension rings with a distance up to 10 mm 
were placed in the optical system. Since at AC voltage, a distinctive time 
stamp is zero crossing of HV waveform, this signal was used for syn
chronization of the optical part and triggering PD phase-resolved mea
surements, including phase correction. The supervision of HV waveform 
was performed by means of a Tekprobe (type P6015), with a built in 
compensated HV divider one to one thousand. 

A notable improvement of the sensitivity of optical measurements 
(by reduction of the background influence) was achieved placing the 
system in a darkroom. In this configuration the gain factor of iCCD 
camera was set to 4000. The imaging was performed during the gate 
signal in on state and exposition time was adjusted to the duration of a 
half-period of the high voltage (i.e., to 125 ms at 4 Hz) and retriggered at 
the positive zero crossing. A sinusoidal high voltage waveform was 
supplied by HV amplifier (type Trek Model 20/20B) driven by a signal 
generator (Tektronix AFG 3011) with a programmable waveform. The 
protection resistor Z was placed upstream in the high voltage path. The 
coupling capacitor Ck, placed in a parallel branch to the specimen, was 
closing the PD loop. The camera triggering signal was obtained from a 
digital delay line (type SR-DG645 by Stanford Research) controlled by a 
Tektronix AFG3011 signal generator. The measurement acquisition was 
executed for a defined number of frames. The wideband partial dis
charges acquisition was done in phase-resolved mode (PRPD) by means 
of Power Diagnostix’s ICMSystem controlled via GPIB interface by a host 
computer. The digital delay output signal was used for PD synchroni
zation. In an electrical mode PD were picked up by a wideband current 
transformer, which is represented as CT1 in Fig. 2. The line termination 
of HF coil was 50 Ω. The experiments were accomplished at following 
environmental conditions in air having pressure 997 hPa, humidity level 
29% and external temperature in the laboratory 22 ◦C. 

4. Surface and airborne streamer imaging 

The electrical PD detection and fast imaging were implemented to 
analyze the surface discharges in air. 

The special attention was on the investigations and distinctions be
tween the direct surface adjacent streamers and the airborne ones. For 
this purpose, the camera was positioned at a side view. The acquisition 
of discharges was defined in the positive voltage half-period. The PD 
pulses and spatially resolved optical images were synchronously recor
ded above the inception voltage. The discharge activity begins with the 
propagation of weak emissions from the HV needle-tip in the form of 
tiny filaments. An illustration of the acquisition modes is shown in Fig. 3. 
In a continuous sinusoidal sequence where the imaging is performed, the 
positive half-periods are marked by red bars. 

Each frame in this visualization provides a superposition of the 
streamers that occurred during a half-period of the high voltage (i.e., 
time-accumulated imaging). 

The frequency of the high voltage was tuned to 4 Hz to obtain a 
continuous gapless sequence of surface discharges. The corresponding 
accumulated phase-resolved PD pattern (shown below) was obtained 
within 300 s and represents the profile and density of the discharges 
with respect to the phase angle of the applied voltage. Hence the PRPD 
image represents the accumulated discharge collection over the entire 
measurement time. Since the duration of the individual streamers last 
for tens of nanoseconds, the voltage level (waveform period T = 250 ms) 
can be assumed to be constant during the streamer development time at 
the sinusoidal waveform. The magnitude of the HV was adjusted with 
respect to the length of the surface discharges (which should reach 
approximately half of the interelectrode distance along the dielectric 
surface). An exemplary sequence of the cathode-directed streamers that 
were acquired in the configuration presented in Fig. 2 is presented in 

Fig. 1. Configuration of experimental setup for side-view streamer imaging: α - 
angle of tilt; a – distance between point and planar electrode; d – epoxy plate 
thickness; r – tip radius. 
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Fig. 4. The tip of the high voltage electrode is denoted in the first frame. 
The 20 continuous frames represent the accumulated view of the 
streamers during consecutive positive half-periods of the sinusoidal 
high-voltage stimuli. As shown in the consecutive sequence presented in 
Fig. 4, surface streamers are visible in all frames; however, airborne 
streamers are also present in certain frames. 

The occurrence and mechanism of the airborne streamers is the focus 
of this paper. Since the observation is from the side view, the filaments 

start from the point tip and propagate in various directions towards the 
plate, creating a time- and spatially-accumulated cross section. In this 
way, the transition between the discharge modes (i.e., surface-adjacent 
and airborne streamers) can be observed. 

At a certain stage, there is a characteristic formation of a stem. The 
stem acts like the prolongation of a tip, and stem-branched streamers 
with tree-like filaments are observed at the stem forefront in the cam
era’s front view (shown in [57]). An exemplary visualization of the 

Fig. 2. Instrumentation for surface and airborne streamer imaging and electrical partial discharge recording.  

Fig. 3. Illustration of streamer imaging (upper part – light intensity) and PD phase-resolved acquisition (lower part – charge distribution) modes: T – period of high 
voltage; tm – measurement time. 

M. Florkowski                                                                                                                                                                                                                                    



Measurement 186 (2021) 110170

5

surface and airborne streamers is shown in the images in Fig. 5. The 
high-voltage electrode is marked by a red triangle, and the epoxy plate is 
denoted by a yellow line. This sequence is a superposition of several 
streamers that occurred on the rising positive part of a high-voltage 
waveform. The majority of the streamers are surface-adjacent, which 
is highlighted by a strong surface illumination. The HV electrode- 
originating airborne streamer is shown in Fig. 5a. Two airborne 
streamers that are triggered at a distance from the HV electrode are 
visualized in Fig. 5b. 

The first manifests the smaller deflection that started at a greater 
distance from the needle-tip, whereas the second one (revealing a much 
longer spread and greater distance from the surface) originated closer to 
the high-voltage electrode. One of the origin hypotheses of airborne 

streamers may be attributed to the accumulated surface charge during 
the sequence and will be elaborated in simulations and in the results 
discussion section. The focus of this paper is on the origin of the airborne 
streamers that are triggered at a distance from the HV electrode on the 
dielectric surface (Fig. 5b). Since the experiments were performed with a 
sinusoidal voltage, a phase-resolved partial discharge acquisition was 
possible. The frequency was adjusted to 4 Hz to safeguard the period-by- 
period PRPD recording synchronously with the imaging using the iCCD 
camera (gate – 125 ms). The correspondence of the PD phase-resolved 
patterns and optical images as an evolution function of the supply 
voltage is presented in Fig. 6 [57]. 

The voltage was changed from the PD inceptions that were detected 
from 6.8 kV up to 20 kV. Presence of only surface streamers was noticed 

Fig. 4. Sequence (20 consecutive frames) of cathode-directed streamers, frame-by-frame during positive half-period of high voltage (SIN, 20 kV, 4 Hz); tip of HV 
electrode denoted in first frame. 

Fig. 5. Accumulated cathode-directed streamers in presence of dielectric surface during half-period at 4 Hz: a) HV electrode originating streamers; b) airborne 
streamers. High-voltage electrode is marked by red triangle, and epoxy plate is denoted by yellow line (side view). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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up to 12 kV. The exemplary sequence highlights the strong surface 
streamers at 20 kV that are associated with the airborne streamers that 
are triggered by a surface spot at a certain distance from the HV elec
trode. The rise of the voltage results in the prolongation of a streamer 
channel (visible in Fig. 6a-d); the higher the voltage, the further the 
airborne streamer starts from the electrode. The applied voltage in
fluences the streamer length along the dielectric surface as well as the 
pathway of the airborne one. 

A visualization of the evolution of the surface streamer’s length (L, in 
arbitrary unit) along the dielectric surface is shown in Fig. 7 for voltages 
of 6.8 through 20 kV at the tip of the high-voltage electrode. The 
voltage-dependent exemplary discharge span (L) along the dielectric 
surface is shown in Table 1. The length L indicates the maximum length 
recorded at certain voltage. The length of the surface streamer grows 
from 10 au at an inception voltage of 6.8 kV through 96 au at 12 kV up to 
203 au at 20 kV. 

5. Streamer simulation model 

The presented model reflects a positive streamer configuration in a 
strong non-uniform electric field in gas. The intent of the simulation was 

to interpret the airborne streamer’s appearance that originated at a 
distance from the HV electrode and influenced a hypothetical accumu
lated surface charge spot. The 2D geometry used for the simulation is 
presented in Fig. 8. The inclined dielectric plate is positioned between 
the high-voltage needle electrode (diameter – 100 μm; radius of curva
ture – 50 μm) and sticks to the surface and grounded plane. The 
boundary conditions are indicated in the graph: the high-voltage po
tential on the needle electrode (anode), and the plate electrode is 
grounded (cathode). The zero charge density is set at the boundaries. 
The spot of the accumulated surface charge is indicated. The tiny surface 
spot was modelled as a flat line, 0.1 mm long, placed on the surface with 
a defined surface charge density. The simulations were performed in the 
COMSOL Multiphysics environment using the plasma physics module 
[60]. 

The standard (STP) temperature of 300 K and pressure of 1 bar were 
assumed in the simulations. The gas was simulated by abstract atoms A. 
The initial concentrations of the electrons and positive ions are equal to 
1016 m− 3; for the negative ions, this is set to zero. In this paper, back
ground ionization was applied as an alternative approach to simulating 
photoionization and this term is impacting and overriding the regular 
initial conditions [12,50,52]. 

The modeling of the streamers combines the effect of the background 
electric field and space charge field created by the streamer itself. The 
model presented in this paper solves the electron and ion continuity and 
momentum equations in the drift diffusion approximation and coupled 
with Poisson’s equation [60]. The local electric field approximation 
denotes that the transport and source coefficients were parameterized 
by a reduced electric field (E/N, where E is the electric field, and N – the 
gas concentration). The following set of equations that govern the mo
tion, generation, and recombination of the three species (i.e., electrons 
as well as negative and positive ions) were applied. Space charge density 
qs results from the net sum contribution of the ne electrons and both the 
np positive and nn negative ions, taking their polarity into account: 

qs = e
(
np − nn − ne

)
, (1)  

where e is an elementary charge. 
Potential V is calculated from the Poisson equation: 

∇∙(ε0∇V) = − (qs + ρd), (2)  

where ε0 is a vacuum dielectric permittivity, ρd is the surface charge 
density, and electric field E is a gradient of potential V: 

E = − ∇V (3) 

The rate of change of electron density ne is governed by the 
drift–diffusion equation [59,61]: 

∂ne

∂t
+∇∙Γe = Re, (4)  

where Re is a source coefficient that is related to the electron-generation 
and -recombination processes. Electron flux vector Γe is denoted as 
follows: 

Γe = μene∇V − ∇(Dene), (5)  

where μe is the electron mobility, and De is the electron diffusivity. 
The electron mobility is defined by a function [60]:  

μe = 3.74⋅1024⋅(E⋅1021) -0.22 [V⋅s⋅m]-1.                                                (6) 

The source coefficient Re is determined by plasma chemistry and the 
Townsend coefficient [60]: 

Re =
∑M

j=1
xjαjNn|Γe|, (7)  

where M represents the number of reactions, xj is the mole fraction of the 

Fig. 6. Optical streamer imaging (left) and corresponding PD phase-resolved 
patterns (right) as function of applied voltages: a) 6.8 kV; b) 12 kV; c) 16 kV; 
d) 20 kV. 
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target species for reaction j, αj is the Townsend coefficient with respect 
to reaction j, and Nn is the total neutral number density. 

The photoionization was simulated as background ionization with a 
value of Re = 1023 [12,50]. 

The diffusion equation for non-electron species in a general form is 
specified by the following [60]: 

ρ ∂wk

∂t
+ ρ(u∙∇)wk = ∇∙jk +Rk + Sp, (8)  

where jk is the diffusive flux vector, Rk is the rate expression, Sp is the 
photoionization component, u is the mass averaged fluid velocity vector, 
ρ denotes the density of the mixture, and wk is the mass fraction of the kth 

species. The reduced mobility of the negative and positive ions is 6⋅1021 

[V⋅s⋅m]-1. The following reactions (presented in Table 2) and their 
corresponding control coefficients were considered: 

- impact ionization α, 
- attachment of electrons to neutral molecules η; 
- recombination of positive and negative; 

- recombination of electron and positive ions; 
- rate coefficient kf. 
The coefficients used for the simulations were adopted from the 

research papers from [11–13,27,60–62]. 
To initiate a discharge, a kernel of a seed charge (electrons and 

positive ions) that reflected a Gaussian distribution was placed in front 
of the tip of the HV electrode: 

ne0 = ne0maxexp

[

−
(x − x0)

2

2s2 −
(y − y0)

2

2s2

]

+ ne0min (9)  

with the following parameters: ne0max = 1016 m− 3; np0min = 1013 m− 3; 
nnp0max = 1016 m− 3; and s = 200 μm. 

The surface process was simulated in a twofold manner; first, no 
initial surface charge was assumed, and the accumulated charge level 
was estimated – this value created a rough estimate of this possible 
surface charge accumulation; second, this value was assumed as an 
initial surface charge that was concentrated on a spot for airborne 
triggering and compared with a critical value that initiated the streamer 
from the spot. The accumulation of surface charges is described by the 
difference in the normal component (n) of the dielectric displacement 
between dielectric Dd and gaseous side Dg and results in surface charge 
density ρd: 

ρd = n
(
Dd − Dg

)
, (10)  

and considering material permittivity εr: 

ρd = nε0
(
εrEd − Eg

)
(11) 

The dynamics of surface charge ρd is governed by a superposition of 
the current components that are attributed to the electrons and both the 
negative and positive ions, denoted as Je, Jn, and Jp, respectively: 

Fig. 7. Evolution of surface streamer length L along dielectric surface with applied voltage within range of 6.8 through 20 kV (a.u. – arbitrary unit).  

Table 1 
Voltage-dependent discharge span along dielectric surface.  

Voltage U [kV] 6.8 8 10 12 14 16 18 20 
Length L [a.u.] 10 43 72 96 157 176 186 203  

Fig. 8. Configuration of simulation domain.  

Table 2 
Reaction types (A – abstract atom, e – electron, n – negative ion, p – positive ion).  

Reaction type Reaction formula Reaction coefficients 

Ionization e + A → p + 2e Townsend 
Attachment A + e → n Townsend 
Attachment A + A + e → n + A kf 

Recombination e + p → A kf 

Recombination n + p → A + A kf  
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−
∂ρd

∂t
= nJe +nJn +nJp (12) 

The significant phase of the simulations is the mesh adjustment. A 
non-uniform triangular mesh was used. Certain groups were distin
guished, such as the electrode edges and the streamer development area 
(where the maximum element size was tuned to 8 μm). The simulation 
environment of the PARDISO in COMSOL Multiphysics solver was used. 

The aim of the simulations was to demonstrate the appearance of an 
individual airborne streamer that was triggered away from the HV tip 
due to the surface charge accumulation that was caused by the previous 
streamers. The presented simulations were performed with DC voltage 
at a high-voltage electrode that was equal to U = 30 kV. Since the 
propagation of an individual streamer is within a time range of nano
seconds, the DC condition can be assumed for the simulation (mimicking 
a time slot on the sinusoidal waveform). Assuming the localized surface 
charge spot at a distance from the electrode tip, the simulations of the 
streamer propagation were carried out. In the first step, the streamer 
propagation in the ‘clean’ environment without a prior accumulated 

charge (σd = 0) on an epoxy surface was carried out. The electron 
density Ne and electric field development at 5 ns are shown in Fig. 9. The 
streamer starts from the HV electrode tip side (Fig. 9a) and propagates 
along the dielectric surface. Since a positive (cathode-directed) streamer 
deposits positive charges on the surface, one can imagine an accumu
lation of the charge with a certain density profile after several repeti
tions. The electric field distribution around the streamer channel at 5 ns 
is shown in Fig. 9b. The tiny cathode sheath was observed as outlined in 
[13]. 

The assumed value of the charge accumulation on the dielectric 
surface was at a level of 5⋅10-4C⋅m− 2. According to the hypothesis, the 
airborne streamer was triggered from the accumulated surface charge 
spot in this case. The spot is located at a coordinate of x = 1.9 mm. The 
corresponding electron density Ne and electric field distribution are 
shown in Fig. 10. A tiny inception is visible around the HV electrode tip; 
however, the main airborne streamer is triggered at the accumulated 
charge spot location in this case (Fig. 10a). The electric field distribution 
around the airborne streamer channel at 2 ns is shown in Fig. 10b. A 

Fig. 9. Streamer development adjacent to dielectric surface without prior accumulated charge: a) electron density Ne; b) electric field distribution.  
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strong electric field is observed at the streamer head. 
As it is commonly known, the breakdown strength of air is equal to 

Eb = 3 kV⋅mm− 1, hence the resulting density of surface charge will 
correspond to σd = ε0⋅Eb, which gives a critical value of 2.7⋅10-3C⋅m− 2. 
Thus the value of surface charge density assumed in simulations is above 
the streamer inception level and below the value which is causing 
breakdown in air. In this way a critical value assumed for simulations, 
leading to the streamer inception and propagation, is below the value 
corresponding to the electric breakdown in air. In the presented mea
surements and simulations the streamer is not leading to the breakdown. 
The focus was on the distinction between the airborne and surface 
streamers. In this context, observed phenomena will be triggered in the 
presence of local spots with high-charge densities. 

As a streamer will develop lengthways the electric field lines, the 
accumulated surface spot will trigger the deflection of the streamer path. 
This process is visualized in Fig. 10 (which depicts the electron density 
and electric field distribution). The pathway trajectories of the airborne 

streamer need further investigations in the future with respect to the 
dielectric material properties and the variation of the charge density of 
the accumulated spot (including the charge decay effect). The accu
mulated surface charge will influence the electric field distribution. The 
comparison of a case without a surface charge (Fig. 9) and one with an 
accumulated surface charge (Fig. 10) reveals different streamer propa
gation behaviour. 

6. Discussion 

The inspiring effect in the presented research was the appearance of 
airborne streamers in the imaging in certain sequences for the cathode- 
directed streamer configuration that was adjacent to a dielectric surface. 
Most of the cathode-directed streamers propagated along the dielectric 
surface. The attraction effect of the positive streamers to the dielectric 
surface has been presented in several publications [32,33]. This effect is 
dependent on the electric permeability of the dialectic material, which 

Fig. 10. Streamer development adjacent to dielectric surface with presence of accumulated charge spot located at coordinate of x = 1.9 mm: a) electron density Ne; 
b) electric field distribution. 
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influences the velocity of the surface streamer propagation [13]. How
ever, the interesting observation reported in this paper refers to the 
coexistence of those airborne streamers that occur between the se
quences of surface ones. The presented effect is attributed to the hy
pothesis of the accumulation of surface charges from the subsequent 
streamer events reaching a certain critical value at which the airborne 
streamer is triggered at a distance from the HV electrode. The observed 
streamer jump from the surface-adjacent propagation might have 
various origins; it may be related to the charge accumulation on the 
surface, thermal effects, the interplay of an electrical withstand of air 
versus the surface effects, etc. The first hypothesis is elaborated further 
in this paper. The occurrence of the airborne effect just at the tip of the 
high-voltage electrode is understandable since the occurrence of either a 
surface or airborne streamer depends strongly on many factors 
(including the spot of the electron seed, etc.) and also has a statistical 
character. What was intriguing was the observation of airborne 
streamers at some distances from the HV electrode (Fig. 5b). Such 
streamers were suddenly detached from the surface, revealing the flight 
part in the gaseous segment. 

It is assumed that the surface streamers charge the surface and that 
the cumulative charge spot occurs at a certain position that is related to 
the average streamer propagation length. The charging effect may have 
multiple causes, such as photoemissions (electrons emitted from the 
surface due to high-energy photons), the deposition of positively 
charged molecules along the streamer channel length behind the head, 
or the polarization of the dielectric material due to the Lapplacian field 
in the electrode setup. Reaching a certain critical value, the incoming 
consecutive streamer enhances the local electric field that is composed 
of the superposition of the Lapplacian field, the field coming from the 

space charges and surface charges, and the dynamic field modification 
due to the presence of the streamer profile. At this point, the spot of the 
accumulated surface charge starts to trigger a new streamer that prop
agates vertically or at a certain angle relative to the surface along the 
electric field lines. 

The pathway of this streamer is visible – like the bubble on the 
recorded imaging from the side view. The surface is positively charged 
by both the ions that are deposited by the streamer channel and the 
surface positive polarity due to the deficiency of the electrons that were 
involved in past streamer formations. This potential charge accumula
tion is visualized in Fig. 11. The positive streamer propagation direction 
(from anode to cathode) is marked, and several streamers in consecutive 
time events t1, t2,…tn are indicated. In the case of the positive streamer, 
the outer layer (indicated by the red contour) is formed by positive ions, 
whereas a high electron concentration is also present at the streamer 
head (blue) during the propagation. 

The enhanced electric field of the surface streamers was demon
strated in [13]. This was attributed to the electrostatic effects as well as 
reduced channel radii as compared to the gas streamers. In case of the 
positive streamers, a higher velocity when compared to the bulk gaseous 
ones was also computed [33]. 

At the defined voltage, the streamers propagate along the dielectric 
surface up to a certain distance; the head has a statistical variation 
around a position defined as xσ, forming a certain distribution (one side 
is skewed). Several iterations of subsequent streamers charge the sur
face. The deposited positive ions are also repealed electrostatically from 
the anode. Hence, the accumulation of the surface charge is graphically 
denoted in Fig. 11 by a symbolic red point with a surface charge density 
+ σ localized at the xσ coordinate and spread with a distribution profile. 

Fig. 11. Sequence of positive streamers adjacent to dielectric surface: +σ – surface charge density at accumulation spot; xσ – localization of spot maximal charge 
distribution. 
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Several iterations charge the surface and accumulate the spot charge to a 
level that a certain subsequent incoming streamer faces the deflection 
along the electric field lines (forming the airborne channel). It is worth 
noticing that the airborne streamer occurs during each period of the 
half-voltage. Thus, this effect can be attributed to the charge accumu
lation time. The effect is also frequency-dependent and, thus, related to 
the surface charge decay. It was assumed that the negative half-period 
did not significantly influence this process since no streamers were 
noticed in the imaging in this part of the waveform (only glowing 
around the negative polarized electrode). The experiments were carried 
out at the sinusoidal voltage with a frequency of 4 Hz; however, the 
voltage can be treated as a constant for an individual streamer that 
propagates within nanoseconds. The increasing voltage along the sinu
soidal waveform results in the variation of the surface streamer profile 
and the defection of the airborne ones (as illustrated in Fig. 12). The 
visualization hypothesis of the airborne streamers’ origins with respect 
to the applied voltage (U1, U2) and the location spot of the surface 
charge accumulation (xσ) is depicted. The higher voltage results in 

moving the position of the critical surface charge accumulation spot 
further away from the HV electrode tip (xσ2,> xσ1), as was observed in 
the measurements. This corresponds to the voltage-dependent surface 
streamer length that is shown in Fig. 7. 

The streamer effects along the surface-adjacent propagation at the 
positive half-period of the high voltage are denoted in Fig. 13. The 
surface and two airborne streamers are pinpointed. In the case of the 
airborne ones, the first originates from the HV electrode, and the second 
from the distantly located charge spot. In the first phase after the voltage 
reaches the inception level, the ionization will start at around the tip of 
the HV electrode, resulting in a cloud of positive space charges. The 
ionization zone will then move down along the surface, as the streamer 
channel might be perceived as a prolongation of the tip. Two kinds of 
streamers may propagate from the tip; i.e., a surface-adjacent streamer, 
and an airborne one (depending on the inception conditions at the tip 
and the statistical seed effects). The positive surface streamers that slide 
along the surface deposit positive charges from the channel on the sur
face, whose density reaches a certain critical concentration at a spot that 

Fig. 12. Visualization of airborne streamers’ origins with respect to applied voltage (U1, U2) and location spot of surface charge accumulation (xσ).  
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is distinctly located away from the electrode (being an origin of airborne 
streamers). At this spot, the electric withstand in air is exceeded. The 
dielectric polarization in the Laplacian electric field (denoted in Fig. 13) 
along with the streamer photoemission effects on the surface result in 
the positive surface charge accumulation. 

The dynamics of the process depend on the surface’s material 
properties (such as conductivity), which will influence the charge decay 
times and development of the subsequent streamers [40,42,43,45,46]. 
The presented hypothesis of airborne streamer inception from an accu
mulated charge spot on an dielectric surface has also been evaluated by 
the simulation scenario. The airborne streamer triggering that originates 
from the critical spot is obtained for a charge density that is equal to 
5⋅10-4C⋅m− 2. 

Future investigations and research will comprise the impact of sur
face material permittivity on streamer propagation, the attraction and 
repealing effects, and an airborne streamer deflection profile analysis. 

7. Conclusion 

This paper presents the imaging and simulations of positive airborne 
and surface streamers in air. The experiments were performed in a 
configuration with surface discharges that were adjacent to the dielec
tric. The high-voltage frequency was adjusted to obtain the continuous 
imaging of streamers over consecutive half-periods without gaps or 
delays. The goal of this paper was to investigate the intriguing obser
vation of the occurrence of airborne streamers that originate at a 
dielectric surface at a distance from the tip of an HV electrode. This 
effect is attributed to the accumulation of a charge at a spot on an epoxy 
resin plate during subsequent streamers. After reaching the critical value 
of the charge density, such a positively charged spot causes airborne 
streamer inception. The effect can be observed in a side view by high- 
speed imaging in a time-accumulated and spatially resolved mode. 
Especially important was to record streamers in consecutive periods of 
the high voltage without a gap needed for camera data streaming. The 
frequency of the high voltage was tuned to 4 Hz to obtain a continuous 
gapless sequence of surface discharges. 

The occurrence of streamer discharges was also detected electrically 
using phase-resolved acquisition within a half-period of the applied 
voltage. The hypothesis of the occurrence of airborne streamers in 

certain sequences was complemented by 2D simulations using COM
SOL’s Plasma module. Two types of streamers were simulated: the first – 
without an accumulated surface charge; and the second – with a spot of a 
defined charge density (triggering an airborne streamer). The mea
surements reflect the presence of these two types of streamers. The 
airborne streamer was attributed to the surface polarization. The 
sequence of recorded streamers was presented, illustrating the occur
rence of airborne ones every some period. Special attention was paid to 
those airborne streamers that originate from a spot on a dielectric sur
face away from the tip of an HV electrode. It was demonstrated that such 
a spots, being charged during subsequent cathode-directed streamer 
events after reaching a critical value of the charge density, may trigger a 
discharge towards the air side. The length of a surface streamer along a 
dielectric surface and the deflection of airborne streamers are voltage- 
dependent. The surface charge accumulation was quantitatively evalu
ated by simulations. A critical value of a surface charge at a spot, in a 
given configuration of electric field distribution, was assumed σcr =

5⋅10-4C⋅m− 2. This critical value of surface charge density used in sim
ulations is above the streamer inception level and below the value which 
is causing breakdown in air. Also the experimental part was tuned in this 
way that the streamer is not reaching the ground electrode. The evolu
tion of a streamer’s form and the kinetics of airborne streamer branches 
are dependent on surface charge density. The influence of the dielectric 
surface on streamer propagation is a complex problem. Future research 
may reflect additional surface effects and more in depth physical pro
cesses. On one side they may incorporate the morphological status of the 
surface such as roughness or presence of the humidity in the tiny surface 
adjacent layer. The other direction may be related to the physical 
interaction of the streamer with the surface for example to involve and 
simulate electron trapping and releasing during streamer sliding on the 
surface. In this way photoemission and photoionization will be modelled 
more precisely. Additional direction will take into account thermal ef
fects, both in streamer channel and in the surrounding environment, 
including surface. The presented experimental and simulation results 
extend the insight to streamer mechanism in configurations with 
charges accumulated on the dielectric surface – including the inception 
of an airborne streamer. 

Fig. 13. Illustration of propagation of surface and airborne streamers at positive half-period of high voltage. Surface and two airborne streamers are pinpointed 
(airborne originating from HV electrode, and distant located at charge spot). 
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