IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Streamer knotwilg branching: sudden transition in morphology of positive streamers in high-

purity nitrogen

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2015 J. Phys. D: Appl. Phys. 48 355202
(http://iopscience.iop.org/0022-3727/48/35/355202)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 131.155.2.68
This content was downloaded on 17/08/2015 at 11:53

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/0022-3727/48/35
http://iopscience.iop.org/0022-3727
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

1OP Publishing

Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 48 (2015) 355202 (10pp)

doi:10.1088/0022-3727/48/35/355202

Streamer knotwilg branching: sudden
transition in morphology of positive
streamers in high-purity nitrogen

L C J Heijmans!, T T J Clevis!, S Nijdam', E M van Veldhuizen' and

U Ebert!~2

! Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB

Eindhoven, The Netherlands

2 Centrum Wiskunde and Informatica (CWI), PO Box 94079, 1090 GB Amsterdam, The Netherlands

E-mail: l.c.j.heijmans @tue.nl and s.nijdam @tue.nl

Received 21 April 2015, revised 18 June 2015
Accepted for publication 30 June 2015
Published 5 August 2015

Abstract

CrossMark

We describe a peculiar branching phenomenon in positive repetitive streamer discharges in
high purity nitrogen. We name it knotwilg branching after the Dutch word for a pollard willow
tree. In a knotwilg branching a thick streamer suddenly splits into many thin streamers. Under
some conditions this happens for all streamers in a discharge at about the same distance from
the high-voltage electrode tip. At this distance, the thick streamers suddenly bend sharply and
appear to propagate over a virtual surface surrounding the high-voltage electrode, rather than
following the background electric field lines. From these bent thick streamers many, much
thinner, streamers emerge that roughly follow the background electric field lines, creating

the characteristic knotwilg branching. We have only found this particular morphology in

high purity nitrogen at pressures in the range 50 to 200 mbar and for pulse repetition rates
above 1 Hz; the experiments were performed for an electrode distance of 16 cm and for fast
voltage pulses of 20 or 30kV. These observations clearly disagree with common knowledge on
streamer propagation. We have analyzed the data of several tens of thousands of discharges to
clarify the phenomena. We also present some thoughts on how the ionization of the previous
discharges could concentrate into some pre-ionization region near the needle electrode and
create the knotwilg morphology, but we present no final explanation.

Keywords: Streamer, Streamer branching, Streamer discharge morphology, Leftover

ionisation, Knotwilg

(Some figures may appear in colour only in the online journal)

1. Introduction

A streamer discharge may form when a sufficiently large elec-
tric voltage is applied to a gas [1]. Streamers are ionised fingers
that initiate in a region with a high electric field. The streamer
tip enhances the electric field in front due to its charge layer.
With this electric field enhancement the streamers can propa-
gate into regions where the background electric field is below
the breakdown field. Streamers create the conducting path
of sparks [2, 3] and of lightning leaders within and around
thunderclouds [4, 5], and they can be seen directly as huge

0022-3727/15/355202+10$33.00

sprite discharges in the thin air high above thunderclouds
[6, 7]. In a streamer discharge, electrons are accelerated and
deposit energy in the gas in the form of excitations and ion-
ization in a process far from equilibrium, allowing for very
efficient chemical reactions while the gas stays cold, i.e. there
is little energy deposited in the kinetic energy of molecules.
Streamers are applied, for example, in gas and water cleaning
[8-11], ozone generation [9], particle charging [9, 12] and
flow control [13, 14].

In the present work we concentrate on a very special
streamer morphology, the knotwilg branching. The word

© 2015 IOP Publishing Ltd  Printed in the UK


mailto:l.c.j.heijmans@tue.nl
mailto:s.nijdam@tue.nl
http://crossmark.crossref.org/dialog/?doi=10.1088/0022-3727/48/35/355202&domain=pdf&date_stamp=2015-08-05
publisher-id
doi
http://dx.doi.org/10.1088/0022-3727/48/35/355202

J. Phys. D: Appl. Phys. 48 (2015) 355202

L C J Heijmans et al

(a) (b)

Figure 1. (a) A pollard willow tree (in Dutch: knotwilg). (b) Image
of a discharge at 2 Hz repetition rate with a 20kV positive pulse
from the C-supply in a vessel of 100 mbar of high purity nitrogen.
The exposure time was limited to roughly the first 200 ns of the
discharge. Examples of the knotwilg branching are indicated by
arrows.

‘knotwilg’ is the Dutch name for a pollard willow tree with a
thick stem and many thin branches (figure 1(a)); it is formed
through regular harvesting of the outer branches. In a knotwilg
streamer, as shown in figure 1(b), thick streamer channels sud-
denly transit into many, much thinner streamer channels. The
knotwilg structures have been shortly mentioned by Clevis
et al [15], but have not been analyzed further. Though we have
found this strange morphology only in a very specific param-
eter regime up to now, namely for positive streamers in high
purity nitrogen of about 100 mbar at pulse repetition frequen-
cies of about 1 Hz, we believe that these structures are so unex-
pected and against common wisdom of streamer motion, that
they teach us about the limitations of current rules of thumb of
streamer motion and challenge us to find a physical explana-
tion. We will contribute to this search for theory in this paper as
far as we have come. But the main topic of the paper is a very
careful experimental examination of the phenomenon.

In the next section, we will introduce the experimental
setup, that was used for this research. Section 3 further intro-
duces the knotwilg structures with some general observations
on their appearance. Thereafter the effects of the voltage pulse
on the knotwilg branchings are shown in section 4. Section 5
reports on the velocity of the streamer and the influence the
knotwilg branching has on it. In section 6 observations are
reported of different streamer discharges showing streamers
following virtual surfaces. This is then all finally used in sec-
tion 7, where a hypothesis explaining the observed effects is
given.

2. Setup

Streamers can have positive and negative polarity. Only posi-
tive streamers are discussed in this paper, i.e. those emerging
from a positively charged electrode. These are the focus of
most streamer applications and investigations, because they
are the easiest to create [16].

The discharge setup employed in this work is the same
as previously used by Nijdam et al [17]. Figure 2(a) depicts
a worked-open schematic drawing of the vacuum vessel
with the discharge geometry. The electrode configuration

(b)

Figure 2. (a) Worked-open drawing of the used vessel with the
electrode configuration inside. (b) Schematic drawing of (left half)
the electric equipotential lines and (right half) the electric field lines
in the used point-plane setup.

has a point-plane geometry. A sharp tip is positioned at the
top. It has a curvature of about 70 ym and is used as anode.
A grounded plate is located 160mm below. This is used as
cathode. Figure 2(b) illustrates the equipotential lines and
field lines of the background electric field in a simplified
vessel when a high voltage is applied to the tip. It shows a
high electric field around the tip.

The present measurements are all performed in 100 mbar
nitrogen 6.0, i.e. in nitrogen with less than 1 ppm contamina-
tions. The leakage and out-gassing of the vessel is measured.
This is found to also cause less than 1 ppm contaminations.
This is important, because small contaminations have been
shown to influence the streamer morphology [17].

Most of the presented measurements use the so-called
C-supply. This uses a discharging 2 nF capacitor to create
the voltage pulse, as described by Briels ef al [18]. A typical
voltage pulse is shown in figure 3. It has a rise time of tens of
nanoseconds and a decay time of around 10 us. This time is
much shorter than the typical time between pulses which is at
least 100 ms.

The streamers are imaged using a Stanford Computer
Optics 4 Quick E intensified CCD (ICCD) camera. It can
be used to image either a complete discharge or a part of
the streamer propagation by modifying the exposure time,
because only the head of a streamer emits light. Note that
for each images presented in this paper, the colour has been
optimised for clarity. Therefore intensities between different
images can not be directly compared.

3. The phenomenon of Knotwilg branching

In our setup, knotwilg branching has been found in discharges
in high purity nitrogen at repetition rates of around 1 Hz and
higher for pressures between 50 and 200 mbar. As they appear
most prominently at 100 mbar, all discharges shown in the
remainder of this paper will be in 100 mbar nitrogen 6.0,
unless specifically stated otherwise.

Figure 4 shows time resolved images of the streamer devel-
opment at a repetition frequency of 2 Hz. For these images, the
camera gate is always opened before the start of the voltage
pulse, while the closing time is varied. This delay after the
start of the voltage pulse is indicated in each of the images.
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Figure 3. Measurement of typical voltage pulse created with the
C-supply.

80 mm

- 100 ns

Figure 4. Images of the streamer development. The trajectory

of the streamer tip from the discharge start to the indicated time
can be seen. The discharges were created with 20kV pulses from
the C-supply at 2 Hz repetition rate in 100 mbar pure nitrogen.
The total gap is 160 mm. Note that each image is from a different
discharge.

Note that the camera does not allow to take multiple images
of one streamer discharge. Therefore the shown images are all
from different discharges under the same conditions.

The figure shows how the streamers emerge from the tip
and propagate as channels with increasing width and little
branching until knotwilg branching occurs after 70 to 80
ns. Here the thick streamers split into many much thinner
streamers. Then the thinner streamers continuously branch
and propagate. After about 320 ns, they reach the cathode
plate. Later the streamers continue to fill the gap until the end
of the voltage pulse.

3.1. The role of the discharge repetition frequency

Figure 5 illustrates how the knotwilg structure is built up by
the previous discharges in a repetitive mode. After a pause of
1 min without discharges, a series of discharges at repetition
rate of 2 Hz (left column) and 4 Hz (right column) was per-
formed. Out of these series, the first, second, fifth and tenth
discharge are shown.

It can be seen that the first discharge has no morpholog-
ical peculiarities, but that the remainders of the previous dis-
charges change the structure of the subsequent discharges,

4 Hz

Discharge’ 10

Figure 5. Discharge (from top to bottom) one, two, five and ten of
a discharge series at (from left to right) 2 and 4 Hz repetition rate.
Other conditions are equal to those in figure 4. There was a pause of
about a minute of no discharges before the first discharge.

until the knotwilg structure appears. In the 4 Hz case, the clear
knotwilg structure appears already in the second discharge.
In the 2 Hz case, some indications of knotwilg formation are
visible in the second discharge of the series, and the structure
is clearly developed in the fifth discharge.

We have searched for the phenomenon at repetition fre-
quencies from 0.1 to 20 Hz. Knotwilg structures were found
in discharges in 100 mbar nitrogen 6.0 for repetition rates
around 1 Hz and higher.

3.1.1. Position dependence. The knotwilg branchings all
seem to form on a spherical shell around the high-voltage
electrode. Inside the shell, the streamers are thick, whereas
outside thin streamers appear. As leftover electrons have been
found to locally enhance streamer thickness [15, 19], one
might thus expect that the leftover electrons only appear in a
sphere surrounding the high-voltage electrode. This is how-
ever unlikely for two reasons.

Firstly, the complete discharge is much bigger than the
length of the thick streamers before the knotwilg structures.
It fills the entire discharge gap. The created electron density
may be estimated by looking at the light emission during a
discharge. This has been measured as function of the distance
from the tip. No steep gradients are found in the first dis-
charges, instead a smooth intensity decay is seen in the region
that shows the knotwilg structures in the next discharge.

It is possible that the electrons drift between the discharges.
This might e.g. be caused by a small electric field caused by
the end of the voltage pulse. This option requires a more
extensive study to investigate the post-discharge dynamics,
including the electron recombination and attachment, to see



J. Phys. D: Appl. Phys. 48 (2015) 355202

L C J Heijmans et al

wether such a drift is feasible and could cause an increased
electron density region.

Secondly, Nijdam et al [20] calculated the diffusion of ions
and electrons from a streamer channel. This is in the order
of centimetres in the 0.5 s between two discharges at 2 Hz.
This would smoothen out any steep gradient. They confirmed
this by showing that streamers in subsequent discharges do
not show a preference to follow the same path for repetition
rates up to 10 Hz.

In the current research, the path repetition measurements
have been repeated and extended up to 20 Hz. Subsequent
streamers start following the same path at around 14 Hz and
higher. At these repetition rates, the streamers are still influ-
enced by the location of the leftover electrons from the pre-
vious discharge. This is at timescales an order of magnitude
smaller than when knotwilg structures are first observed. Also,
this is at length scales of the size of the individual streamers,
as opposed to the entire spherical region around the tip.

In [21] streamer discharges were created in 67 and 133
mbar pure nitrogen by two pulses with a variable delay. For
short delays, subsequent streamers follow the same path; this
stops at a delay between 10 and 40ms. This time scale is of
the same order of magnitude as the path-following in the pre-
sent measurements. The slightly shorter time might be due to
the leftover electrons being only created by one previous dis-
charge, whereas with the higher repetition rate it is an accu-
mulation of all previous discharges.

Although the knotwilg structures indicate a strong
boundary, no evidence was found for a steep gradient in the
electron density. Leftover electrons should also appear beyond
the knotwilg position with no indications of sharp transitions.
Furthermore, diffusion will smoothen out any steep density
gradients.

An alternative explanation might be a critical electron
density. The streamers might follow the leftover ionisation at
precisely this level. This would rule out the requirement for a
steep gradient. The authors could however not find any indi-
cations of a critical electron density in streamer discharges
in literature, either experimentally or theoretically. A critical
leftover electron density has recently been found by Carbone
and Nijdam [22] in a different plasma discharge (a pulsed
microwave discharge in argon). This caused the discharge
morphology to change completely on a small change in rep-
etition frequency.

3.2. Effect of oxygen concentration

We have observed gas purity to be important for the appear-
ance of knotwilg structures. They are suppressed by small
oxygen contaminations. No knotwilg structures could be
found in gas mixtures with an oxygen concentration one or
two orders of magnitude above the used 1 ppm contamina-
tions. No exact critical oxygen concentration could be deter-
mined. The disappearance of the knotwilg structures might be
due to either photo-ionisation or electron attachment.
Photo-ionisation is an important source of electrons for posi-
tive streamers in air [17, 23]. This ionisation is (almost) absent
in high purity nitrogen. A larger amount of photo-ionisation

will decrease the relative importance of leftover background
electrons and may therefore suppress the knotwilg structures.

Electrons can attach to oxygen molecules forming negative
ions. In 100 mbar nitrogen with 1 ppm oxygen, the leading
reaction for this is e + O + Ny — O, + N, with a reaction
rate of 8 - 10732 cm®~![24]. This leads to a typical time con-
stant of 2 s, which is much longer than other electron loss
reactions [21]. Hence the density of negative oxygen ions is
relatively small. Moreover, according to our calculations the
density of free electrons is at least two orders of magnitude
larger for all relevant situations in this article. Therefore elec-
tron attachment and detachment can be neglected—except if
the different mobilities of electrons and ions would lead to
local enhancements of the density ratio.

4. Voltage pulse

Briels et al [16] have shown that the applied voltage, and
thus electric field, has a large effect on streamer thickness in
ambient air. Grabowski et al [25] explained a sudden change
from thick to thin streamers by a large drop in voltage.
Similarly, Clevis et al [15] found knotwilg structures, when
using a block-shaped voltage pulse with a large voltage drop.
No such effect has however been found for the present knot-
wilg structures.

Figure 6(a) shows the measured voltage for discharges
similar to those in figure 5. The blue lines show voltage pulses
under the same conditions, but with the vessel at vacuum. For
the other lines the current drawn by the starting streamers
reduces the peak voltage. The first discharges show a later
deviation. This is due to a larger inception delay. It has previ-
ously been found that inception delay can be long for a first
streamer in fresh gas [20]. This is because there are less back-
ground electrons to create the first avalanche.

In the figure, the time between 70 and 80 ns is indicated
in grey. This is when the knotwilg structures appear. In this
region the voltage decreases slightly, but there are no steep
gradients that can explain the sudden knotwilg structures.

4.1. Different voltage

Figures 6(b) and (c) show two voltage pulses, where the
C-supply has been modified by replacing the series resistor
with a metal wire. This causes a faster voltage rise and oscil-
lations around the start of the voltage pulse. The two pulses
differ in the applied voltage. Streamer discharges have been
created using both pulses at a repetition rate of 2 Hz. The first
discharges have been disregarded, as they were different from
subsequent discharges. Time resolved discharge images are
shown in figure 7 for the two pulses. Both show the knotwilg
branching.

The 30kV pulses cause thicker streamers that propagate
faster (see also section 5). This is in line with measurements
by Briels et al [16] for streamers in ambient air. The change in
velocity has more influence on the time at which the knotwilg
structures appear than on the position at which they appear.
Whereas there is roughly a factor two difference in the timing,
the position shifts only slightly. Therefore, the knotwilg
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Figure 6. Voltage pulses for the first (red lines) and later (black
lines) discharges at 2 Hz repetition rate in 100 mbar nitrogen 6.0 at
voltage of ((a), (b)) 20kV and (c) 30kV from the C-supply. In ((b),
(c)) a resistor is removed from the circuit. The blue line indicates
the voltage pulse when the vessel is at vacuum (pressure <107
mbar) and no discharge occurs. The time between (a) 70 and 80
ns, (b) 120 and 130 ns and (c) 60 and 70 ns, where the knotwilg
structures appear, is indicated in grey.

branching more likely appears at a certain position, than at a
certain time.

The knotwilg position differs less between these two dis-
charge conditions than when compared to the discharges in
figure 4. Recall that these discharges had a voltage of 20kV,
like those in figure 7(a), but had a longer rise time. Therefore
the knotwilg structure appears not as much influenced by the
average voltage, but more by smaller features as for example
the voltage rise time or the overshoot and oscillations. Clevis
et al [15] showed that a slight change in the voltage rise time
can have a measurable influence on the streamer length. This
influence was explained by the size of the inception cloud,
which, on average, propagates slower than streamers. In the
present research no inception cloud is directly visible. It is
however possible that the voltage rise time has some effect
that is important for the knotwilg formation.

Again, note that no steep gradients in the voltage are vis-
ible when the knotwilg structures appear. These times are
indicated in grey in figure 6.

5. Velocity

The knotwilg branching largely changes the morphology.
This can be expected to influence the streamer propagation.
Therefore we study the streamer velocity in these discharges.
This is done using a methode that is previously used by Clevis
et al [15] and improved by Chen et al [26].

b '
1

Delay: 40 ns

(Al

20 mm

Delay: 60 ns

Figure 7. Images of the streamer development at 2 Hz repetition
rate in nitrogen 6.0 as in figure 4, ((a); left column) with the 20kV
voltage pulse shown in figure 6(b) and ((b); right column) with the
30KkV voltage pulse shown in figure 6(c).

The streamer velocity is determined by measuring the
streamer length as a function of time. The streamer length
is automatically computed from images, like those shown in
figures 4 and 7. This is done in each image by finding the
pixels furthest away from the high voltage electrode, on which
a streamer is still visible. Their distance from the electrode is
taken as the streamer length. This is repeated for hundreds of
different streamer discharges under equal conditions, because
the short timescales make it impossible to take multiple pic-
tures of one discharge. The result is shown in figure 8, where
the streamer length is plotted as function of time for the three
different voltage pulses.

The points at Omm are from discharges that have not yet
initiated. This inception can take up to 80 ns for the first dis-
charge in a series. The discharges with the longest inception
delay correspond to the latest voltage deviations in figure 6(a).
As discussed above, inception happens faster in subsequent
discharges. The first discharges in a series for the other two
voltage pulse steps are not shown. Therefore long inception
delays are not visible for these in the plots.

The numerous points around 160mm indicate streamers
that have reached the cathode plate. The streamer ‘jumps’ to
the cathode plate when it is near, due to the high electric field
between the streamer tip and the cathode plate and possible
secondary electron emission from the plate [15].
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Figure 8. Streamer length as function of time for streamers as
imaged in (blue dots) figure 7(b) (with the voltage pulse as in
figure 6(c)), (red dots) figure 7(a) (with the voltage pulse as in
figure 6(b)) and (black dots) figure 4 (with the voltage pulse as
in figure 6(a)). The green lines are added to indicate the average
streamer velocity. The plot summarises 2400 discharges.

In the figure it is clear that the streamers at 30kV propa-
gate faster than those at 20kV (1.2mm ns~' versus 0.5mm
ns~! (after the bend at 60 ns)). Briels er al [16] have shown
that an increase in background electric field, caused by the
higher applied voltage, makes streamers propagate faster. The
slow rise streamers are slower than those from the fast rising
voltage pulses. This appears mainly in the first 50 ns, where
the voltage in this pulse is still rising and thus lower than in
the other two pulses. This is similar to what has been found
by Chen et al [26].

Below we will first shortly look at the velocity changes
appearing in the graph. Thereafter we will investigate the
velocity spread, which appears to have a physical background
related to the knotwilg branching.

5.1. Velocity changes

Figure 8 shows some changes in velocity during the first 50 ns.
The streamer velocity can be calculated by taking the deriva-
tive of the points in the figure. For a clear result, a smoothing
function was first applied. The result is shown in figure 9.
Additionally the voltage pulses are shown in this figure.

The velocity and voltage shapes show similar features.
This is especially clear in figure 9(b). A voltage dip appears
between 20 and 50 ns. This is also visible as a dip in the
velocity. The relation is less clear in figures 9(a) and 9(c).
Both figures show the decay in both velocity and voltage
after the initial peak. Thereafter the velocity is not directly
following the voltage pulse. The tip voltage can thus explain
some features of the streamer velocity. However, other aspects
also need to be taken into account to explain the complete
velocity development.

Remarkably, the formation of the knotwilg branches do not
appear to have an influence on the average streamer velocity.
No significant change in velocity can be seen around the time
when the knotwilg structures appear. Although the streamer
diameter decreases significantly, the velocity remains the same.

30 (@) —— Voltage (left axes) |{3
— Velocity (right axes)
20t 2

Streamer velocity(mm/ns)

30t (©) 3
20t 2
10+ 1
0 0
6 5‘0 160 150 200

Time (ns)

Figure 9. Voltage pulses (blue lines) and streamer velocity (red
lines). The discharges are created at 2 Hz repetition rate in 100
mbar nitrogen 6.0 with the voltage pulse shown in (a) figure 6(a),
(b) figure 6(b), (c) figure 6(c).

5.2. Velocity spread

As was seen above, there is some spread in the streamer veloc-
ities, even under the same conditions. This spread is not purely
due to measurement inaccuracies, but also has some physical
origin. This is clear when comparing the two columns in
figure 10. It shows some of the discharges created with the
20kV fast rise pulse at 2 Hz. The discharges were selected
for having a relatively large deviation from the average length
(see also figure 12(b)).The left column contains images of
three relatively fast streamers, while the right column contains
images of three relatively slow streamers.

The two columns clearly show differences in morphology,
although all were created under equal conditions. The
slower streamers show the knotwilg branching closer to the
tip and earlier in time than the faster streamers. In fact, the
faster streamers propagate beyond the imaged region, before
showing the knotwilg branching.

Figure 10 also shows feather-like streamers near the tip
for the slow streamers [27]. All knotwilg streamers show this
feather-like stage close to the tip. It is however much bigger
for the relatively slow streamers.

Figure 11 illustrates the three stages in the development
of a knotwilg streamer. It starts near the electrode with the
feather-like streamers, which change into thick, smooth
streamers (figure 11(b)). These show the knotwilg branching
as a transformation to thin, branching streamers (figure 11(c)).

Figure 12 illustrates the relation between the velocity and
the different stages. Here the streamer length is plotted against
time, as done above. The different streamer stages are indicated
with colours. Streamers that are still in the first, feather like,
stage near the tip are indicated in red; streamers in the second,
smooth streamer, stage are indicated in green and streamers
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Figure 10. Images of the streamer development as in figure 7(a).
The left column contains images of relatively fast streamers, while
the right column contains images of relatively slow streamers (see
also figure 12(b)). The images show 80 mm out of the gap length of
160 mm.

in the thin stage after the knotwilg branching are indicated in
blue. Figure 12(b) shows the same, but obtained from close-up
images. These images are similar to the ones in figure 10; those
six discharges are indicated by the stars. Both graphs show
that, at a 2 Hz repetition rate, relatively slow streamers show
the knotwilg branching earlier in time than the faster ones.

Figure 13 also shows the velocity development during the
different stages, but for three different repetition rates. These
can not be directly compared to the measurement in figure 12,
because they were obtained using a slightly different voltage
pulse. A slight change in voltage pulse can, as discussed
above, have significant effect on the knotwilg branching. The
voltage pulse was the same for the three graphs in figure 13;
therefore these can be compared.

The length development is shown for repetition rates of 2,
4 and 8 Hz. The 2 Hz discharges show a similar trend as above
of knotwilg branches appearing closer to the tip and earlier in
time for relatively slow streamers. The 8 Hz discharges however
show an opposite behaviour. Here the relatively fast streamers
show the knotwilg branching closer to the tip and earlier in time.

An explanation might be found in the amount of back-
ground electrons. It has been suggested that a certain optimal
level of background electrons exists, which leads to the highest
propagation velocity [21, 28]. A possible handwaving explana-
tion is as follows: with less background electrons, the streamer
propagation velocity would be limited, because too few free
electrons are available; while with more background electrons,
the abundance of electrons would lead to a lower electric field
enhancement and thus to a lower propagation velocity.

- 30 mm

Feathers

(b)
Smooth

Knotwilg

Thin

(a)

Figure 11. (a) Schematic representation of the three stages in a
streamer showing the knotwilg branching. (b) Zoomed-in image of
a streamer near the electrode showing the first and transition to the
second stage, as depicted in (a). (c) Image of a streamer showing
the knotwilg branching as transition from the second to the third
stage as depicted in (a).

If 2 Hz is below this optimum and 8 Hz is above it, streamers
at both repetition rates might behave differently in velocity,
but similar to knotwilg branching on leftover ionisation fluc-
tuations. If, for some reason, the ionisation in one particular
discharge (i.e. one dot in figure 13) were higher, this would,
in the 2 Hz case, lead to a faster discharge with later knotwilg
branching and, in the 8§ Hz case, to a slower discharge with
later knotwilg branching. No source could however be found
for these ionisation fluctuations. Further measurements are
advised to check this hypothesis.

6. Comparible observations

A different way of looking at the knotwilg structures is to not
see them as a sudden branching of a thick streamer into many
thin streamers, but rather as a thick streamer making a sharp
bend, wherefrom thin side-branches emerge.

6.1. Bending streamers

This explanation is supported by the discharges shown in
figure 14. These are created with a lower applied voltage
(10kV) at a higher pressure (200 mbar) in the same high-
purity nitrogen. Figure 14 shows a regular discharge ata 1 Hz
repetition rate with streamers propagating from the tip to the
cathode plate. At higher repetition rates (above around 4 Hz),
the streamers no longer propagate to the cathode plate. Instead
they suddenly bend sharply, after some distance.
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Figure 12. (a) Graph of the streamer development as in figure 8 for the 20kV fast rise voltage pulse at repetition rate of 2 Hz.The different
stages are indicated using colours. (b) Same, but obtained with the camera positioned closer by; the markers for the discharges in figure 10

are indicated using stars. Both plots summarise 1200 discharges.
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Figure 13. Graph of the streamer development as in figure 12 at
repetition rates of (a) 2 Hz, (b) 4 Hz and (c) 8 Hz. The different
stages are indicated using colours. The red lines are added to
indicate the average streamer velocity. The inset is a zoom-in of the
region around the knotwilg branching. The plots summarise (a) 800,
(b) 950 and (c) 1248 discharges.

This behaviour has similarities with the knotwilg branching.
This also shows a sudden morphology change at a certain dis-
tance from the tip. It also appears that the thick streamers do
not just branch, but rather bend sharply, like in the upward
bending streamers. This can be seen for example on the right
in figure 1(b).

The discharge in figure 14(b) does not show thin branches
toward the cathode plate. This absence might be due to the
lower applied voltage compared to the knotwilg branches.
Additionally the pressure is higher. This causes an even lower
reduced electric field E/n. In this case the applied voltage is
enough to support the discharge. At lower voltages (at the
same pressure) no discharge occurs. When applying a higher

(a) (b)

Figure 14. Image of streamer discharge created with a 10kV pulse
from the C-supply in 200 mbar nitrogen 6.0 with a repetition rate of
(a) 1 Hz and (b) 10 Hz.

voltage to the discharges in figure 14(b), branches propa-
gating to the cathode plate start appearing from the bending
streamers.

It thus seems that the knotwilg structures start as bending
streamers. The streamers start propagating outward from the
tip. After some distance they bend and start following some
spherical surface around the tip.

6.2. Streamers following virtual surfaces

Nijdam et al [28] documented a peculiar morphology in
which streamers follow a virtual surface. It starts with a nega-
tive inception cloud. Due to reflections in the pulse forming
network, this is directly followed by positive streamers. These
do not follow the background electric field lines. Instead they
propagate over the surface of the previous inception cloud.
This movement is probably due to an interplay between the
free electrons inside the surface, attracting the streamers, and
the shielding of the electric field enhancement by these elec-
trons, repelling them.

These streamers are similar to the knotwilg branching
streamers after they bend. They also appear to follow some
virtual surface. However, these discharges have been observed
in 600 and 1000 mbar artificial air, and they propagate roughly
100 ns after the free electrons are created (in the negative
inceptor cloud), while the knotwilg branching is observed in
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100 mbar pure nitrogen propagate half a second after the elec-
trons are created (in the previous discharge). In this long pause,
the electrons are expected to recombine and diffuse, before
the new streamers start. This means that the border between an
ionised and non-ionised region has a much less sharp gradient.
On the other hand, the streamers from [28] were created at a
higher pressure and in air instead of pure nitrogen. Therefore
causes different electron losses due to electron attachment to
oxygen are much more rapid, and therefore the intrinsic time-
scales are much shorter.

In the double pulse experiments in [21] streamers in 67
and 133 mbar nitrogen were seen propagating over the edge
of the channel that was ionised by a streamer in a previous
discharge. This effect was visible with intervals between the
streamer discharges up to the order of hundred microseconds.
At intervals up to tens of milliseconds, streamers were still
seen to follow the paths of previous streamers, but it could no
longer be determined whether they followed the edge of the
streamer channel.

Again, these experimental timescales are shorter than in
the case of the knotwilg branching. But also the length scales
are shorter. Here they are of the order of the streamer width,
while in the knotwilg branches they are of the size of the large
spherical region filling almost half the discharge gap.

In [29] an ionised region was created using a laser. It was
shown that streamers in 133 mbar nitrogen can follow the
pre-ionised path. It was found that streamers can, in this way,
propagate perpendicular to the electric field. This was shown
with delays between the laser pulse and the discharge of up to
2ms. Again, this is shorter than the time between discharges
in the present experiment, but the ionized channel is narrower
as well.

7. Summary and conclusions

A peculiar streamer morphology has been found. It is named
knotwilg branching. It was found for streamer discharges
from 50 to 200 mbar of nitrogen at pulse repetition rates above
1 Hz. The authors are not aware of observations of similar
knotwilg branches in other streamer discharge setups. This is
probably due to the very limited parameter regime in which
they appear and the required high nitrogen purity. The pres-
ently used setup has been specially built for working with high
purity gasses. Small amounts of oxygen contamination pre-
vent the knotwilg structures from appearing. Therefore it is
unlikely that the knotwilg branches will be observed in a setup
containing more impurities.

Experimental measurements were performed to gain
insight in the processes that create the peculiar knotwilg struc-
tures. We conclude that their appearance is not directly caused
by a change in applied voltage. Unfortunately no solid conclu-
sion can yet be drawn on what does cause their appearance.
A possible hypothesis is given.

An important aspect is not only the knotwilg branching
itself, but also the bending preceding the branching. The thick
smooth streamer does not just branch into thin streamers,
but rather makes a sharp turn. Similarly bending streamers
without the branches were shown in section 6.

When the applied voltage is high enough, there will be a
high enough electric field between the bending streamer and
the cathode plate for new streamer branches to emerge. These
will propagate toward the cathode plate roughly following the
background electric field lines.

We would like to emphasise the remarkable observation
that the thick and thin streamers both propagate with the
same velocity. Across the knotwilg branching there is a clear
reduction in streamer thickness, but the discharge propagation
velocity does not change.

The thick bending streamers seem to follow some invisible
surface around the tip after having made the sharp turn. It is seen
more often that streamers can follow special paths, e.g. those
pre-ionised by previous streamers. We have found that at rep-
etition rates of 14 Hz and higher subsequent streamers follow
the same path (see section 3.1.1); similar to the time found in
[21]. This repetition rate is an order of magnitude higher than
the 1 Hz at which the knotwilg structures start to appear, but the
streamer attracting regions are also much smaller, so the two
observations could be consistent if the mechanism is dominated
by electron diffusion.

Recently, there have been more observations of streamers
following special paths. In [28] air streamers were found to
follow the edge of an ionisation region created by a preceding
different polarity inception cloud. In [21] streamers followed
the edge of streamer channels from the previous discharge.
And in [29] nitrogen streamers followed an ionised channel
created by laser illumination. In these discharges the electrons
are created respectively 100 ns, 100 s and maximally 2ms
before the streamer propagation. This is much shorter than in
the case of knotwilg branching streamers, where there can be
up to a second between discharges.

The presence of enough leftover background electrons or
other leftover species is a requirement for their appearance.
This is concluded from the fact that the knotwilg branches
only appear at repetition rates of around 1 Hz and higher (see
section 3.1). Therefore the leftover background electrons seem
a likely candidate for the creation of the ionisation region for
the streamers to propagate over.

Streamers are thick and smooth before the knotwilg
branching and thin and with many branches after. This also
hints toward different electron densities causing the knotwilg
structures. Higher background electron densities were shown
in previous research to thicken the streamer channel, and to
suppress its branching [15, 19].

The localisation of leftover ionisation has not been meas-
ured directly. An estimate and to would have to include
processes such as drift, diffusion and the post discharge chem-
istry, attachment and recombination as elaborated in [20, 21,
23, 29] and the streamers. We have found no indication for
the presence of a sharp leftover electron density gradient (see
section 3.1.1). Furthermore we expect any sharp gradient to
be damped by diffusion between the electron creation and the
appearance of the knotwilg branches (which is in the order of
centimeters [20]). Therefore it is unlikely that there is a sharp
electron density gradient over which the streamers propagate.

An alternative explanation is that the streamers follow the
ionisation region at a specific critical electron density. Such an
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electron density has recently been found in pulsed microwave
discharges [22]. No indications have been found in literature for
the existence of a similar critical density in streamer discharges.
Further experimental and modeling investigations of this ques-
tion can deepen our understanding of streamer development.
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