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Abstract. Because positive streamers propagate opposite to the electron drift
velocity, their growth not only depends on the local electric �eld but also on the
electron density ahead of them. We have recently demonstrated the importance
of this electron density, by showing that positive streamers could be guided by
weak preionization from a laser. Here, we study streamer guiding in nitrogen-
oxygen mixtures in more detail, to better understand the propagation of positive
streamers. First, the conditions required for guiding are investigated, both
experimentally and with three-dimensional numerical simulations. Particular
focus is on the role of oxygen and photoionization, which tend to inhibit guiding.
Then the position of the guided streamers is investigated, and successfully related
to the electron drift.

PACS numbers: XXX
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1. Introduction

Streamers are rapidly growing ionized channels that enhance the electric �eld at their
tips [1]. They are the �rst stage of sparks and they are relevant for both industrial
and medical processes [2, 3, 4, 5, 6] as well as for geophysical phenomena like sprites
and lightning [7, 8, 9]. Streamers can occur in a variety of gases [10] as well as in
liquids [11].

A positive streamer generally propagates along the direction of its `background'
electric �eld, i.e., the combined �eld of the electrode con�guration and neighboring
discharges [12]. However, we have recently shown that a modest local increase
in the background ionization, caused by laser illumination, can cause streamers to
strongly deviate from this direction. In [13], we studied the laser guiding of streamers
in nitrogen-oxygen mixtures at 133mbar, using 4�10 kV positive pulses, a 103mm
point-plane geometry and a laser preionization level of about 109 cm−3. Under these
conditions, guiding only occurred for oxygen concentrations below 0.5%. In [14] we
showed that guiding also occurs in pure argon.

Note that the laser guiding mechanism used here is quite di�erent from other laser
guiding experiments in literature. Other experiments generally operate in ambient air
where a focused high intensity laser beam creates a highly conductive path with a
high ionization degree [15, 16, 17, 18]. This is in contrast with our experiments where
a low intensity laser beam creates a modest ionization degree in nitrogen with small
oxygen admixtures.

Now, we study streamer guiding in more detail in order to better understand
the propagation of positive streamers. Because such streamers propagate opposite
to the electron drift velocity, they require a source of free electrons in front of
them [19, 20, 10]. Our previous studies on laser guiding [13] and complex pulse
shapes [21, 22] have already shown that remaining background ionization can have
a great in�uence on streamer propagation direction.

In the laser guiding study [13] it was found that laser guiding does not occur for air
and other nitrogen-oxygen mixtures with high oxygen concentrations. In section 3, we
show that the reason is probably the photoionization [23, 10, 24] of oxygen molecules.
In nitrogen-oxygen mixtures, this process can create relatively high electron densities
in front of a propagating streamer. A competing e�ect in oxygen-rich mixtures is the
loss of free electrons due to attachment to (electro-negative) oxygen molecules [25].

In [13], the guided streamers were often displaced relative to the preionization
trail. In section 4, we show that this can be explained by electron drift in the
background �eld.

2. Set-up and methods

2.1. Laser guiding experiments

The experiments treated in this work have been performed with the same set-up that
was used and described in [13], which is also depicted in �gure 1. This set-up consists
of a vacuum vessel, a camera with stereoscopic optics and a KrF laser.

The vacuum vessel contains a point-plane electrode geometry with a 103mm
separation, and it is �lled with various gas mixtures at pressures between 25 and
250mbar. The gas mixtures used are pure nitrogen, arti�cial air (80% N2, 20% O2)
and other nitrogen oxygen-mixtures. The estimated level of impurities (mostly water
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Figure 1. Schematic overview of the set-up including, from left to right, the
ICCD camera, stereoscopic set-up and vacuum vessel with indication of laser beam
path. In the presented images the recorded images are rotated anti-clockwise by
90◦ so that the electrode tip is shown on top. Image previously published in [13].

and air) in all gas mixtures is about 10 ppm.
A laser beam from the KrF excimer laser enters the vacuum vessel through a

large quartz window. The laser produces pulses of 1�2mJ per pulse at a wavelength
of 248 nm and a pulse length of 20 ns. The (unfocused) laser beam is shaped
by four shutters to a quasi-rectangular beam with a height of 1 to 17mm and a
width (perpendicular to the image plane as de�ned below) of 1 to 12mm. In all
measurements presented here the laser beam crosses the symmetry axis of the vessel
and is perpendicular to the viewing direction. The laser pulse will locally increase
the ionization level in the gas. In section 2.2 we describe measurements of the laser-
induced ionization density and give estimates for this density.

A high voltage pulse forming circuit is used to create a quasi-rectangular positive
voltage pulse on the pointed electrode tip some nano- to milliseconds after the laser
pulse. These voltage pulses have lengths of 600�1500 ns, rise/fall times of about 15 ns
and amplitudes between 3 and 10 kV. The vacuum vessel and pulse forming network
are described in more detail in [21].

The high voltage pulses create a streamer discharge in the vessel, which is
imaged by an Andor ICCD-camera with stereoscopic optics between it and the
vessel [13, 26, 12]. Like in [13], the angle between the two image paths is 24�28° and the
orientation is such that streamers moving perpendicular to the symmetry axis of the
point-plane geometry can be properly imaged. The streamer images shown here are
presented as anaglyphs with red and cyan colours for images from the two respective
cameras like discussed in [13]. An example of such an image is given in �gure 2a. From
such measurements we have reconstructed the location of many straight streamer path
sections. The 3D locations of some of these streamer sections are plotted in �gures 2c
and d and the location of clearly guided sections with respect to the laser beam is
plotted in �gure 2b. In this example only the four points from the measurement from
�gure 2a are plotted but in each of the following plots of this type, data of about ten
discharges with two to four points per discharge is collected.

2.2. Laser induced ionization density measurement

The laser-induced ionization density has been determined in the same vessel as used for
the streamer guiding experiments. For these measurements the point-plane geometry
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Figure 2. a) Example of stereo-photography image with the laser trail indicated
by the purple lines and the anode tip indicated in green. Here the laser trail is
oriented under a non-perpendicular angle with the electrode axis, like in �gure 1.
Measured parts of the streamer trails are indicated by numbers. b) Plot of the
position of the numbered streamer trails with respect to the location of the laser
beam indicated as the purple rectangle. Here the z-coordinate is perpendicular to
the plane of view. The size of the markers is proportional with the x coordinate
with the origin at the left side of the image. c) and d) 3D reconstruction of the
streamer discharge from a) like observed from the camera viewpoint c) and rotated
85◦ to the right around the electrode axis d). Note that the parts of the channel
that are nearly vertical in a) cannot be reconstructed due to the limitations of
the stereo-photography method.
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Figure 3. a) Schematic representation of the set-up used to measure the
ionization density and b) example of a typical measurement of the voltage over
the 1MΩ shunt resistor connected to the sampling electrode. The laser pulse is
applied at t = 0. Gas: 133mbar nitrogen, voltage: 1 kV

is replaced by a plane-plane geometry with a separation of 30mm as is shown in
�gure 3a. One of the two electrodes is grounded while a �xed DC potential between 0
and 2000V is applied to the other electrode. The laser beam is located exactly between
the two electrodes. The grounded electrode contains a small sampling electrode with
a diameter of 3mm in its centre. We assume that the charge drifts in the applied
electric �eld without changing it. The current through the sampling electrode after
a laser pulse is now a measure for the ionization density induced by the pulse. In
�gure 3b an example of the voltage over a 1MΩ shunt resistor connected to the
sampling electrode is shown as function of time after the laser pulse. It contains a
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Figure 4. Measured ionization density as function of applied voltage in 133mbar
pure nitrogen.
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Figure 5. Measured ionization density as function of laser power density. The
red line is a linear �t of the points on the double log scale. It has a slope of 1.66.

slow and a fast component. The fast component is likely caused by the electrons and
simple ions (e.g. N+

2 and N+
4 ) while the slow component may be due to larger water

clusters due to impurities. The measured current is integrated and then halved to
account for positive and negative charges. This gives an estimate for the number of
ionizations in the volume delimited by the laser beam and the area of the sampling
electrode (in this case π(1.5)2 × 10 mm3).

For each gas mixture and pressure this procedure is performed as function of
applied voltage. An example of such a measurement is plotted in �gure 4. In this �gure
the measured electron density saturates above an applied voltage of about 500V. Below
this voltage the measured ionization density is probably lower due to recombination
during the longer drift time. At voltages above 2 kV an increase in measured density
is expected due to secondary ionization.

In �gure 5 the measured laser-induced ionization density is plotted as function of
the laser power density. It is found that the ionization density scales with the laser
power density to the power 1.66. This indicates that the ionization mechanism is
probably a mixture of single-photon and two-photon processes but the exact process
is outside the scope of this paper. We can conclude that the laser-induced ionization
densities are in the order of 108−109 cm−3 for the highest laser power, which we used
in the experiments.
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2.3. Simulation model and conditions

In [13] we used a 3D particle model to simulate streamer guiding, but such simulations
are computationally quite costly. In order to simulate the larger systems for longer
times, we here switch to a 3D plasma �uid model, using adaptive mesh re�nement and
OpenMP parallelism (see [27], chap. 10). The model is of the drift-di�usion-reaction
type:

∂tne = −∇ ·~je + ᾱ
∣∣∣~je∣∣∣+ Sph, (1)

∂tni = ᾱ
∣∣∣~je∣∣∣+ Sph, (2)

~je = −µene ~E −De∇ne, (3)

where ne is the electron density, ni the positive ion density, ~je the electron �ux, ~E
the electric �eld and Sph a source term due to photoionization. We use the local
�eld approximation, in which the coe�cients ᾱ (ionization minus attachment), µe
(mobility) and De (di�usion) depend on the local electric �eld strength | ~E|. The
electric �eld is computed in the electrostatic approximation:

~E = −∇φ, (4)

∇2φ = −e(ni − ne)/ε0, (5)

where φ is the electric potential, ε0 the permittivity of vacuum and e the elementary
charge. Poisson's equation is solved with the geometric multigrid routines described
in chapter 10 of [27], which also describes the explicit time stepping and the numerical
�ux calculations.

The simulations are performed in N2 containing 0, 0.1% and 1% O2, at 133mbar.
In all cases, a background ionization level of ne = ni = 1.5×105 cm−3 is included. This
was approximately the lowest background ionization level at which we could reasonably
simulate a streamer in pure nitrogen, i.e., without photoionization. To focus on the
di�erences caused by photoionization, we use N2 transport coe�cients (e.g., µe, α) for
all mixtures, so that electron attachment and detachment reactions are not included.
The transport coe�cients were computed from the Siglo cross sections of [28], using
Bolsig+ [29]. Photoionization is computed according to Zheleznyak's model [30], but
using a Monte Carlo method with discrete photons (see [31] and chapter 11 of [27]).
In this model, the absorption function of ionizing photons is given by

f(r) =
exp(−χmin pO2

r)− exp(−χmax pO2
r)

r ln(χmax/χmin)
, (6)

where χmax ≈ 1.5×102/(mm bar), χmin ≈ 2.6/(mm bar) and pO2
is the partial pressure

of oxygen. The number of photons produced in a cell during a time ∆t is determined
using random numbers, and the mean number is given by

Nγ = η
pq

pq + p
NI , (7)

where NI is the number of ionizations that have taken place, and p is the pressure. As
a quenching pressure we take pq = 40mbar and we set the constant of proportionality
η to a �eld-independent value of 0.05. At every time step (about 10 ps) up to 4× 105

`physical' photons can be produced, above that `super-photons' are used. These
photons are assumed to be isotropically distributed, and their absorption length is
sampled from equation (6). In pure nitrogen, photoionization is disabled.
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Figure 6. A 3D view of the computational domain, showing the position of the
`laser' ionization (horizontal) and the initial seed from which the streamer starts
(top, center). The grounded bottom of the domain is colored gray, and the inset
shows a zoomed cross section of the laser ionization.

The computational domain of (24 cm)3 is shown in �gure 6. On the top and
bottom, a �xed potential is applied to generate a background �eld of 2 kV/cm, whereas
Neumann zero (e.g., ∂xφ = 0) boundary conditions are applied on the four other sides.
Neumann zero boundary conditions are also used for the species densities, on all sides.
We have not yet implemented curved electrodes in our Poisson solver, so we instead
place an ionized seed at the top of the domain to generate an initial streamer. This
seed has a density of 7.5× 1012 cm−3 electrons and ions, a height of about 2 cm and a
width of about 3.5mm, using a so-called smoothstep function for the density pro�le.
The electric �eld at the tip of the seed quickly increases and after a short delay a
thin streamer develops. This delay is quite sensitive to the seed's properties, but the
further streamer evolution is not. The `laser' ionization is placed 7.2 cm below the top
of the domain, between x = 8 and 16 cm and centered in the y-direction. The channel
has a cross section of about (5mm)2, as shown in �gure 6.

There is an important di�erence between the background �eld in the
computational domain and the background �eld in the experimental set-up: in the
experiments the sides of the vessel are grounded, whereas in the simulations we use
Neumann zero boundary conditions, which cause the potential to change linearly at the
sides (in the absence of space charge). This makes the horizontal guiding of streamers
harder, but the simpler �eld con�guration of the simulations allows for a more direct
interpretation of guiding limits.

The simulations are performed on adaptive octree grids with local re�nement.
The re�nement factor is always two, and we use the following re�nement criterion:

• Re�ne if α∆x > 1.0, where α is the ionization coe�cient and ∆x is the cell
spacing
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Figure 7. Cross section of a streamer head, corresponding to the case of �gure 8b
at t = 50 ns, see also �gure 9. On the left the net charge density is shown together
with the numerical mesh, the electric �eld strength is shown on the right.

• Dere�ne if α∆x < 0.1 and ∆x < 0.4mm

These criteria generate �ne grids around streamer heads, on which their thin space
charge layers are resolved. Furthermore, we ensure su�cient re�nement around the
initial conditions up to 10ns. In �gure 7, an example of the charge density, numerical
mesh and electric �eld is shown for a streamer developing in pure nitrogen.

The simulation code described above is fully open source and available through
[32], and it will be described in more detail in an upcoming paper. The simulations
presented in this article were performed on 16-core nodes and took 2 to 12 hours,
using up to 2× 107 grid cells.

3. Conditions for laser guiding

In [13] we observed that guiding could occur in nitrogen-oxygen mixtures with oxygen
concentrations up to 0.5% (at 133mbar, with our laser and voltage pulses). Below, we
investigate the limits of guiding with simulations, experiments and plasma-chemical
modelling, and we show that photoionization is the main factor limiting guiding in
oxygen-rich mixtures.

3.1. Simulations of guiding limits

We have performed 3D simulations in a background �eld of 2 kV/cm at 133mbar,
using the following range of parameters:

• N2 with an O2 fraction of 0, 0.1% or 1.0%

• A preionized trail with 108, 109 or 1010 cm−3 electrons and positive ions

Figure 8 shows a 3D view of the electron density at t = 146 ns for these nine cases;
additional results at t = 166ns are included for the case with the strongest laser
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ionization. Figure 9 shows the time evolution of the electric �eld and the electron
density for the case with pure nitrogen and a 109 cm−3 preionized trail. Note that
the downwards propagating streamer branches, but that the symmetry in the initial
conditions is preserved. This happens because there is no photoionization in pure
nitrogen, which is the only source of random �uctuations in equation (1). Some of the
other streamers in �gure 8 also branch, but not in the direction perpendicular to the
view.

In all simulations a background ionization level of 1.5×105 cm−3 was present, and
the preionized trail was positioned as in �gure 6. As already mentioned in section 2.3,
we have used transport data for pure nitrogen for all mixtures, and thus excluded
electron attachment / detachment reactions. In section 3.2, we show that these
reactions cannot explain the lack of guiding in oxygen-rich mixtures. By using nitrogen
transport data for all cases, we focus purely on the e�ects of photoionization.

3.1.1. Dependence on oxygen fraction The guiding of streamers relies on a strong
anisotropy in the electron density ahead of them, as illustrated in �gure 10. In
pure nitrogen this anisotropy is always present, because the preionized trail has a
signi�cantly higher degree of ionization than the background (1.5× 105 cm−3). When
oxygen is added to the mixture, photoionization will locally increase the `background'
ionization level around the discharge, and therefore inhibit guiding. This e�ect is
illustrated in �gure 11, which shows the electron density at t = 80ns for the discharges
of �gure 8f and j.

According to equation (6), the mean absorption length of ionizing photons is
labs ≈ 0.093 mm · bar/pO2

, where pO2
is partial pressure of oxygen. This gives

labs ≈ 70 cm for N2 with 0.1% O2, and labs ≈ 7 cm for the case with 1% O2, explaining
why there is signi�cantly more photoionization present around the streamer in the
latter case.

If in a given volume on average Nγ photons are absorbed, then stochastic
�uctuations have typical size

√
Nγ . Relative �uctuations are therefore of magnitude

1/
√
Nγ , becoming smaller at higher photoionization densities. The e�ect of these

�uctuations can clearly be seen in �gures 8 and 11: with 0.1% oxygen the streamer
channel grows much more irregularly than with 1.0% oxygen. A similar observation
was made in [34], though these calculations were performed in two dimensions, in
which the interpretation of electron density �uctuations due to single photons is not
quite clear. The e�ect of electron density �uctuations on branching was also studied
in three dimensions in [35], though these simulations were limited by computational
constraints.

That photoionization inhibits guiding is most clearly seen for the 108 and
109 cm−3 preionized trails. Whereas guiding is observed in pure nitrogen, the
streamers propagate almost straight down when 1.0% of oxygen is added. With 0.1%
of oxygen the 109 cm−3 trail still shows some guiding, whereas the 108 cm−3 trail does
not.

3.1.2. Dependence on preionization level in the trail When the preionized trail is
more highly ionized, streamer guiding is a�ected in multiple ways. First, guiding is
enhanced, because the anisotropy in the electron density is increased. This is clearly
visible when comparing �gures 8e, f, and g or i, j, and k. Second, higher ionization
levels signi�cantly slow down the streamer discharges, see �gure 8. This happens
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Figure 8. A 3D view of the electron density at t = 146 ns for simulations in a
background �eld of 2 kV/cm at 133mbar. The rows correspond to N2 with an
O2 fraction of 0, 0.1% and 1.0%, and the columns to 108, 109 and 1010 cm−3

preionized trails. For the 1010 cm−3 case, the right-most column shows additional
results at t = 166 ns. The pictures were generated with volume rendering in Visit
[33], and the initial location of the preionized trail is outlined in red. The Monte
Carlo photoionization breaks the symmetry present in the pure nitrogen cases.
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the electric �eld, bottom row: volume rendering of the electron density. For
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velocity, and the background shows the electric �eld strength. If the density of
free electrons is su�ciently anisotropic, the streamer will not grow in the direction
of maximum �eld enhancement.
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inside the streamer exceeds the scale; it is about 1013 cm−3, see �gure 18.
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Figure 12. Symbols: maximum delay between laser and voltage pulse for which
laser guiding is still observed as function of oxygen concentration in nitrogen. All
at 133mbar, 6.7 kV pulse amplitude and 600 ns pulse length. Lines: Calculated
time after laser pulse required to reach the indicated electron densities when
starting from an initial electron density of 1 · 109 cm−3.

because the streamers grow wider and lose much of their �eld enhancement in the
preionized trail. Third, due to the lower �eld enhancement the degree of ionization
behind the streamer front is also locally reduced, in accordance with a general relation
between maximal �eld strength and ionization degree in streamer channels [36]. For
the 1010 cm−3 trail this e�ect is clearly visible in �gure 8 (and was observed similarly
in [37]: inside the trail, the degree of ionization is so low that our visualization
becomes transparent. Fourth, more highly ionized trails have a higher conductivity,
and therefore a stronger e�ect on the electric �eld. This e�ect is discussed in more
detail in section 4, see also �gure 18.

3.2. Guiding experiments in nitrogen-oxygen mixtures

In our laser-guiding experiments, we have determined the maximum time delay
between laser and voltage pulse for which guiding is still observed. We de�ne this
delay such that roughly 50% of the discharges still show clear guiding. In �gure 12,
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Figure 13. Stereoscopic images (a1-f1) and corresponding position plots (a2-f2)
of laser-guided streamers for various laser positions. Measurements in 133mbar
pure nitrogen with a 5.9 kV, 600 ns voltage pulse 1.1µs after the laser pulse. Each
position plot contains points of about 10 discharge events. Images a1-f1 were
previously published in [13].

the black squares indicate the maximum delay as a function of oxygen concentration.
It is over 100µs below 0.1% oxygen, but at higher concentrations it quickly decreases.
Above 0.5% oxygen, no guiding was observed at all.

In a previous study with double voltage pulses [21], electron loss reactions could
fully explain di�erences in the continuation of existing streamer paths. In �gure 12, we
have therefore drawn lines for the time it takes to reach a certain electron density due
to such losses. These curves have been calculated using the ZDPlasKin code [38] with
the same reactions and rates as described in [21]. Initially, a density of 1 · 109 cm−3

electrons and positive ions (divided over O+
2 and N+

2 through their concentration ratio)
was present, at a pressure of 133mbar and room temperature.

Figure 12 shows that the electron-loss times cannot account for the short laser
guiding delay between 0.1% and 1% oxygen. We therefore conclude that guiding is
prevented by a di�erent oxygen-related mechanism: photoionization.

4. Position of guided streamers

The position of guided streamers is often slightly displaced with respect to the laser
beam. Below we present experimental observations of this displacement for a variety
of conditions, and we show that it is caused by electron drift.
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Figure 14. Stereoscopic images (a1-d1) and corresponding measured guiding
positions (a2-d2) for di�erent laser beam dimensions as indicated in a2-d2. All
data from measurements in pure nitrogen at 133mbar with 4.8 kV, 1000 ns long
voltage pulses about 100 ns after the laser pulses.

Parameter Range E�ect

Delay between laser and
voltage pulse

1− 2500µs < 1 mm

Laser energy (output power
meter)

8− 15 mV < 1 mm

Laser beam height (�gure 14) 1− 17 mm < 1 mm
Pressure 75− 250 mbar 1 mm
Distance bottom laser beam
to electrode tip (�gure 13)

3.5− 52 mm 3 mm

Voltage amplitude (�gure 15) 3.9− 8.6 kV 5 mm

Table 1. Overview of the e�ects of di�erent parameter variations on the distance
between the lowest guided streamers and the bottom of the laser beam. The third
column indicates the range over which this distance varies when the parameter is
varied over the indicated range. Only one parameter is varied at the same time.

4.1. Experimental observations

Figures 13a1-f1 show examples of guided streamers. These streamers propagate 5
to 15mm above the bottom of the laser beam, as illustrated in in �gure 13a2-f2.
(Here `above' and `bottom' are de�ned with respect to the picture's orientation.)
Such an o�set between the guided streamers and the laser beam bottom was present
in all experimental observations, but seems counter-intuitive, because streamers are
electrostatically attracted towards the bottom plate electrode. In some cases, there
are channels that propagate above the entire laser-illuminated volume, as shown in
�gure 13c2-e2 by the circles above the purple rectangle. Such guided streamers were
only observed with another guided channel below them, as in �gures 13d1 and f1.

We have studied the e�ect of various parameters on this position o�set. Figure 14
shows that the distance between the lowest guided streamers and the bottom of the
laser beam is independent of the height of the laser beam. For thin laser beams
the guided streamers always propagate signi�cantly above the area illuminated by
the laser. The o�set was independent of the width of the laser beam, and almost
independent of pressure, laser energy and the laser-voltage pulse delay, as described
in table 1.

A parameter that signi�cantly a�ects the position o�set is the applied voltage,
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Figure 15. Stereoscopic images (a-f) and corresponding measured guiding
positions (g-l) for di�erent voltage pulses. Voltage amplitudes and pulse lengths
are indicated in the stereoscopic images. All data from measurements in pure
nitrogen with the voltage pulses about 100 ns after the laser pulses.

see �gure 15. A higher applied voltage generally leads to more, thicker, and faster
streamers [39, 40], and here it also leads to less guiding. However, streamers that are
guided are located closer to the bottom of the laser beam. At the same pressure the
location of the lowest guided streamer changes from 8.4mm at 3.9 kV to 3.3mm at
8.6 kV.

4.2. Estimate of electron drift

The simplest explanation for the o�set of the guided streamers with respect to the
laser beam is electron drift in the background electric �eld before the streamer arrives.
Here we estimate this drift distance for various conditions, using the electrostatic �eld
calculations for the discharge vessel that were presented in �gure 3 of [13] (scaled to
the actual applied voltage).

First, the time it takes a streamer to reach a given location is estimated, which
depends on the streamer's length and its average velocity. The streamer velocity was
taken from a separate set of measurements of streamer velocity as function of applied
voltage‡. We assume that the streamer incepts at the start of the voltage pulse, and
take its length equal to the sum of the horizontal and vertical distance to the electrode
tip. This is a reasonable assumption for guided streamers towards most points below
the tip (see e.g. �gure 13b-e). Given a time t, the total drift distance of electrons at

location ~r is then estimated as −µe ~E0(~r)t, where µe is the �eld-dependent mobility

and ~E0 the background �eld.

‡ This set of measurements was performed in another discharge vessel but with very similar general
conditions (pressure, gas, point-plane distance). We used average velocities during the �rst few
centimeters of the fastest streamers in a discharge. Due to small di�erences in voltage pulse shape
and vessel geometry these measured velocities can deviate somewhat from the ones in the vessel used
for laser guiding, but they still give a good indication of expected velocities. We �tted the measured
velocities with a quadratic �t (see �gure 16c).
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Figure 16. a) and b) streamer guiding images from �gures 13b and d. The green
lines estimate where electrons from the bottom of the laser beam have drifted. c)
Measured average position (with standard deviation) of lowest guided streamers
from the measurements of �gure 15 as function of applied voltage together with
estimated streamer velocities, a quadratic �t of these velocities and calculated
vertical electron drift distances for these conditions.

The procedure described above has been used to generate the green lines shown
in �gures 16a and b, computed for the guided streamers from �gures 13b and d,
respectively. These green lines represent the location of the electrons from the bottom
of the laser (the lower purple line) at the estimated moment that the streamer arrives.
Both the magnitude of the position o�set (about 5mm) as well as its general shape
show quite good agreement. Both in the image and in the calculated paths there
is a maximum in the vertical o�set at about 37mm from the electrode axis. This
can be explained as follows: the electrons closest to the electrode axis experience the
highest �eld, but have less time before the streamer arrives and thus drift less far.
The electrons far away from this axis do have more time to drift but there the �eld is
much lower. Therefore, the electrons in between show the largest vertical drift.

In �gure 16c, the same procedure was performed for di�erent applied voltages, to
explain the observations of �gure 15. The shown streamer positions are the average
of the vertical positions of the streamers in the lowest groups in �gure 15a2-f2. The
electron positions were calculated for electrons initially at the bottom of the laser
beam, at a distance of 30mm from the electrode axis. Again the measured results
match the calculations quite closely, especially considering the uncertainties in the
velocities (which in reality will vary over space and time) and the assumptions used in
the calculations. Although the drift velocity increases with applied voltage, the faster
increase in streamer velocity reduces the o�set at higher voltages.

To check whether the vertical drift is indeed mostly due to the background �eld
or also due the �eld of the approaching streamer, we have plotted the two non-zero
components of the electric �eld from the simulation of �gure 8b at position P as
function of time in �gure 17. From these time-dependent �elds we have derived the
cumulative drift distance D in both directions as function of time for an electron at
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Figure 17. Horizontal (h, dashed) and vertical (v, solid) components of the
electric �eld E at position P from the simulation shown in �gure 8b as function
of time with calculated cumulative electron displacements D due to these �elds.

this position by piecewise integration:

Dm(t) =

∫ t

0

Em(t)µe(
∣∣∣ ~E(t)

∣∣∣)dt (8)

for components m = h, v. (D is calculated at a �xed position, so the second-order
e�ect of drift on the integrand is not included.)

The result for Dv shows that although the electric �eld in the z-direction has
its largest amplitude at the moment the streamer passes (around t = 135 ns), most
of the vertical drift occurs due to the background �eld, during the period before the
streamer comes close. The horizontal drift is mostly due to the approaching streamer
but this will not show in the vertical o�set of the guided channel.

In the simulations from �gure 8, all guided streamers also propagate with an
o�set to the bottom of the original laser created channel due to the e�ect described
above. However, they do not all propagate at the same o�set and angle. In the
simulations with a 1010 cm−3 preionized trail the o�set is signi�cantly smaller than
for lower ionization levels. The reason is that such a high preionization density
has an appreciable e�ect on the background electric �eld, as illustrated in �gure
18. This �gure shows the on-axis electron density and electric �eld at t = 70 ns
for the simulations of �gure 8b and 8c (pure nitrogen, a 109 and 1010 cm−3 preionized
trail). In the 1010 cm−3 case, the trail's interior is su�ciently conductive to screen the
background electric �eld, which is therefore slightly enhanced on the outside. Most
electrons are kept in place by the positive ions, which explains why the streamers
guided by a 1010 cm−3 trail propagate almost horizontally in �gure 8.

It should be noted that in the simulation results like those from �gure 8 the
background �eld is fully vertical while in the experiments the point-plane geometry
leads to a more complex �eld distribution. The more complex �eld was used in the
calculations shown in �gure 16 but not in those of �gure 17.

In summary, the calculations above show that the o�set of streamers can be
fully explained by the drift of free electrons from the preionized trail, and that most
of this drift takes place in the background electric �eld. This proves that the laser
guiding itself is due to free electrons: if attached electrons or other heavy species
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Figure 18. The on-axis electron density and electric �eld pro�le at t = 70 ns, for
the conditions of �gure 8b and 8c (pure nitrogen, a 109 and 1010 cm−3 preionized
trail). Initial electron densities are shown as dotted lines. The top illustration
shows an aligned cross section of the (logarithmic) electron density for the 109

case.

would be responsible for laser guiding the expected o�set would be much lower because
the mobility of such heavier species is many orders of magnitude lower than that of
electrons.

5. Conclusions

With measurements and 3D simulations we have shown that the guiding of streamers
in nitrogen-oxygen mixtures is controlled by the distribution of free electrons.
Experimental proof for this is the agreement between estimated electron drift distances
and measured position o�sets of guided streamers with respect to the laser beam. Our
simulations con�rm that most of the electron drift occurs in the background �eld,
before a guided streamer comes close.

In the experiments, laser guiding was inhibited for oxygen concentrations above
0.5% in 133mbar nitrogen, using an estimated laser preionization density of 109 cm−3.
In simulations with a preionized trail of the same density, guiding was still possible
in nitrogen with 0.1% oxygen but not with 1% oxygen. With a ten times more
strongly ionized trail, simulations showed that guided streamers lost most of their �eld
enhancement. Furthermore, this level of preionization had signi�cant space charge
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e�ects, preventing most of the electrons from drifting away. On the other hand,
simulations with a 108 cm−3 preionized trail showed no guiding with 0.1% oxygen.
This seems to con�rm that our experimental determination of the laser preionization
density was quite accurate.

With plasma chemical modeling, we have shown that electron loss reactions
cannot explain the lack of guiding at higher oxygen fractions at 133mbar. We therefore
conclude that laser guiding is predominantly inhibited by photoionization, as also
demonstrated in our simulations. We remark that at higher pressures, electron loss
processes become more important because they often scale quadratically with density
[13].
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