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Abstract: Experimental data show that in laboratory sparks, X-rays are produced in time synchro-
nization with the meeting of streamers of opposite polarity just before the final breakdown of the
discharge gap. It has been suggested that the electric field enhancement created during the collision
of streamers could provide the necessary conditions for electron acceleration, even though some
of the theoretical studies show that the duration of the electric field is not long enough to do so.
The experimental data on laboratory discharges show that. when streamers of opposite polarity
meet each other, a potential or ionization wave that renders the streamer channels conducting is
initiated. This paper shows that these ionization waves that convert the discharge channels from
weakly conducting to highly conducting are associated with electric fields large enough to accelerate
electrons to relativistic energies.

Keywords: lightning; return stroke; laboratory sparks; X-rays; gamma rays

1. Introduction

In 1923, Nobel laureate Wilson predicted the possibility that thunderstorm electric
fields can drive electrons to runaway relativistic energies, hence the possibility of thunder-
clouds generating X-rays and gamma rays [1]. Since the 1980s, scientists have been able
to detect X-rays of atmospheric origin [2–6]. In 1994, the first discovery of thunderstorms
generating gamma ray flashes were made by satellite observations [7]. Since then, a large
number of measurements conducted both inside and outside thunderclouds and also at
ground level have confirmed the production of energetic radiation by thunderclouds [8–10].
More recently, it has been observed that thunderclouds can also generate positrons [11].

Experiments have confirmed that not only thunderclouds but also individual lightning
flashes can generate X-rays and gamma rays [12–15]. Observations have shown that the
leader stage of both first and subsequent strokes can give rise to energetic radiation.
Research work conducted some time ago has confirmed the production of high energy
photons in laboratory discharges [6,16]. The study of X-rays from laboratory discharges was
revitalized by Dwyer et al. [17] in 2005 by detecting X-rays from long laboratory discharges
using the same experimental setup used to detect X-rays from lightning. Since then, a large
number of experiments conducted with different electrode configurations and different
voltage impulses have confirmed the emission of X-rays by laboratory discharges [18–27].
Individual photon energies in X-ray bursts generated by laboratory discharges can reach
values in the order of 200 keV or more.

In atmospheric air, X-rays and gamma rays are produced by the de-acceleration of
relativistic electrons by braking radiation or bremsstrahlung. If electric fields of sufficient

Atmosphere 2021, 12, 1101. https://doi.org/10.3390/atmos12091101 https://www.mdpi.com/journal/atmosphere

https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-2169-9549
https://doi.org/10.3390/atmos12091101
https://doi.org/10.3390/atmos12091101
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/atmos12091101
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos12091101?type=check_update&version=1


Atmosphere 2021, 12, 1101 2 of 16

magnitude exist in the air, thermal electrons can be accelerated to relativistic energies,
thanks to the unique dependence of the energy loss curve of an electron on its energy.
In an electric field, an electron gains energy and, as it moves in the medium where it is
located, energy is also lost due to collisions, causing excitation and ionization. In general,
an equilibrium is reached when the energy gained by the electrons over a given path length
is lost due to energy transfer during the collisions and, as a result, the electron continues to
move with a constant drift speed that depends on the electric field. However, if the electric
field in air exceeds a critical threshold, the energy gained by electrons in moving a unit
distance may overwhelm the energy loss due to collisions and the electron may continue to
gain energy, triggering a runaway process. This mechanism is called the ‘cold runaway
mechanism’ and was predicted by Gurevich [28] in 1960.

The energy loss curve of electrons in air at atmospheric pressure as a function of
electron energy is shown in Figure 1 [29]. The energy loss per unit length is given in
eV/cm. Note from this curve that, if an electron starts with an energy in the order of a
few eV, it cannot increase its energy beyond a few tens of eV if the electric field in air is
confined to values of the order of 3 × 106 V/m or less, which is the breakdown electric
field in air at standard atmospheric pressure and temperature. According to this curve,
during electrical breakdown in atmospheric air, the electron energy does not increase
beyond about a few tens of eV. However, in order to produce X-rays, the electrons should
reach relativistic energies and this cannot happen if the electric field is clamped around
3 × 106 V/m during the discharge. As one can observe in Figure 1, in order to make the cold
runaway possible, the electric field at atmospheric pressure has to reach values that exceed
about 2.6 × 107 V/m [29]. It is important to mention here that there are higher estimates
for the threshold electric field necessary for cold runaway which take into account the finer
details, such as electron scattering, of the movement of electrons in the medium [6,30]. In
the calculations to be presented here, we will use the value stated above but we note that,
if the cold runaway threshold is higher, the estimates of the peak energy of the electrons to
be given later will be reduced.

Figure 1. Drag force on electrons in air at density defined by 273 K and 1 bar as a function of electron
energy. Adapted from [29].

There is another way that an electron could reach energies that are capable of gen-
erating X-rays. Earth is continuously bombarded by cosmic rays of high energies. When
colliding with atoms and molecules, these cosmic rays can eject electrons from these par-
ticles with relativistic speeds. If these electrons are located in a background electric field
which is large enough so that the energy gain per unit length of travel is larger than the en-
ergy loss per unit length (as decided by the energy loss curve shown in Figure 1), electrons
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will continue to accelerate, generating more and more relativistic electrons during collisions,
leading to an avalanche of relativistic electrons. Consider a cosmic ray generating a 1 MeV
electron inside the cloud. In atmospheric air, this electron needs an electric field larger
than about 200 kV/m for it to continue accelerating (see Figure 1). However, since the air
density inside the cloud is about half that of ground level, the electron needs about half
the value of the electric field needed at atmospheric pressure for it to become a runaway.
Thus a 100 kV/m electric field inside the cloud is large enough for the electron to continue
accelerating while gaining energy and to become a relativistic runaway. This mechanism is
called the ‘hot electron runaway mechanism’. This may give rise to a relativistic avalanche.
These relativistic avalanches, when decelerating during collision, can generate X-rays and
gamma rays.

It is important to point out that the cold runaway occurs when the electric field is high
enough to provide runaway of the electron with any initial kinetic energy and any initial
direction of the motion, while the hot runaway occurs only when the initial kinetic energy
of the electron is high enough and the initial direction of its motion corresponds to the
direction of acceleration.

Since the extent of the background electric field region is large in thunderclouds
(hundreds of meters to kilometers), there is ample opportunity for cosmic rays to generate
relativistic avalanches inside thunderclouds. Thus, the hot electron runaway mechanism
could be active in thunderclouds. On the other hand, in electric sparks including lightning
leaders the relevant electric fields are confined to a small region and the chances that this
hot runaway mechanism could be active there are very low. The only viable mechanism
that could accelerate electrons in laboratory sparks and lightning is the cold runaway
mechanism. The various possible mechanisms that can give rise to high electric fields in
spark discharges have not yet been exhaustively studied. For example, the existence of high
electric fields for very short times, but still capable of accelerating electrons to significant
energies during the standard breakdown process, needs further investigations [31,32]. Of
course, if the electric field increases to values beyond the breakdown electric fields, it does
not remain there for very long because the resulting electron avalanches will quench the
electric field. In this respect, the possibility of correlated motion of accelerated electrons and
high field regions in generating energetic electrons has to be further investigated [33,34].
In 2009, Cooray et al. [35] suggested that the high electric fields necessary for electron
acceleration in laboratory sparks are generated during the field enhancements resulting
during the collision of opposite streamers. More advanced studies show that even though
fields of sufficient magnitudes to accelerate electrons to relativistic energies occur during
streamer collisions, the duration of the high field region is insufficient to accelerate copious
amounts of electrons in order to generate X-rays comparable to measurements [36–38].
On the other hand, Luque [39] showed that the electrostatic field that penetrates into the
streamer channels during collisions could be able to accelerate electrons to relativistic
energies. Indeed, more studies are needed to provide conclusive proofs concerning the
viability of this mechanism to accelerate electrons to relativistic energies in laboratory
sparks. In another paper, Cooray et al. [40] suggested that the high electric field associated
with the tip of dart leaders could accelerate electrons to relativistic energies as this high
electric field sweeps along the defunct return stroke channels. The goal of this paper is
to show that, in addition to the high electric fields generated during streamer collisions,
the ionization waves that result during such encounters are also capable of accelerating
electrons to relativistic energies.

2. Hypothesis

Production of X-rays in long laboratory sparks indicates that during these electrical
discharges, the electric field exceeds 2.6 × 107 V/m in one or several locations at some
instant of time. Here, we provide a possible physical scenario where this can happen. It is
important to point out that we are assuming that, during electrical breakdown, cold electron



Atmosphere 2021, 12, 1101 4 of 16

runaway does not occur in regions of the discharge which have elevated temperature and
low air density.

As explained below, the mechanism of long sparks involves positive or negative
polarity streamers generated from the high voltage electrode and the opposite polarity
counter streamers generated by the opposite grounded electrode. Depending on the shape
of the applied voltage impulse, the electric breakdown is caused purely by the action
of streamers (in lightning impulses) or by a combination of streamers and leaders (in
switching impulses).

In the case of lightning impulses, streamers of one polarity travel towards the grounded
electrode and, when they come closer to the grounded electrode, the increase in the electric
field at the grounded electrode causes it to emit streamers of opposite polarity. At standard
atmospheric pressure, the electric field at the head of a single streamer is typically about
107 V/m and it decreases to the breakdown electric field of about 3 × 106 V/m at a distance
of about 200 µm [41]; the radius of a streamer channel may range from several tens of µm
to a few mm [41,42]. The meeting of these streamers and the subsequent electrical activity
caused by this encounter leads to the breakdown of the gap.

In switching impulses, the streamers from the high voltage electrode will thermalize
and heat a common stem, giving rise to a hot leader discharge. The high voltage is
transferred along this hot leader channel to its tip, and this gives rise to another streamer
burst which, in turn, will thermalize another section of the leader channel, leading to the
lengthening of the leader. In this way, the leader approaches the grounded electrode with
the aid of streamer bursts. As the leader approaches the grounded electrode, a counter
leader, motorized by streamers of opposite polarity which travel towards the down coming
leader, is generated by the grounded electrode. The meeting of these two streamer systems
leads to the electrical breakdown of the gap.

The experimental data of Kochkin [27] clearly demonstrate that the physical events
associated with the streamer collisions are responsible for the generation of X-rays. The
data even show that multiple X-ray bursts are produced by multiple streamer collisions.
While the jury on exactly how streamer collisions themselves can give rise to X-rays is still
out, here we discuss another physical process which is closely associated with streamer
collisions that could accelerate electrons to runaway energies.

In electrical discharges, whenever two discharge channels of different potentials meet,
an ionization wave that attempts to equilibrate the potential will travel along both discharge
channels. The return stroke is the best example of an ionization wave or a potential wave
that carries the near ground potential along the leader channel [43]. The presence of a
large potential difference at the meeting point of streamer systems of two polarities can be
demonstrated easily by appealing to the experimental data of Kochkin [27]. For example,
assume that at the meeting point of the streamers, the length of the positive streamer
system is lp and that of the negative streamer system is ln. The gap length and the applied
voltage pertinent to the experiment are such that no significant leader length appears in
the discharge at the time of breakdown. Let us denote the potential of the gap at the time
of streamer encounter by Vg. Then, the potential difference Vd between the two streamer
fronts would be

Vd = Vg − lnEn − lpEp (1)

where En and Ep are the average potential gradients of the streamer channels. Now, in the
experiments conducted by Kochkin [27], Vg = 1 MV, ln = 0.2 m and lp = 0.8 m. Assuming
En = 106 V/m and Ep = 0.5 × 106 V/m, we obtain Vd = 4 × 105 V. Depending on the distance
where this potential difference is sustained, there could be a very large electric field at the
point of collision of the streamers. This potential difference and the associated high electric
field can launch a bidirectional ionization wave that propagates along the streamer systems.
These ionization waves carry high electric fields at their tips and cause further ionization
along the streamer channels, leading to a path of increased conductivity that bridges the
gap, leading to final breakdown. As mentioned earlier, a common example in nature is the
return stroke, which is an ionization wave that carries the near ground potential along the
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leader channel which is at an elevated potential with respect to ground. Another example,
associated with the stepping process of stepped leaders, is the meeting of the space leader
and the hot stepped leader channel, resulting in a high current pulse that proceeds both
along the space leader channel and the stepped leader channel. A dart leader is also an
ionization wave caused by the encounter between the defunct return stroke channel and
the channel of a K-change, both of which are at different potentials. Experimental evidence
also shows that when streamer discharges experience a sudden change in potential, a wave
of ionization travels along the streamer channels. For example, experiments conducted
in coaxial geometry show that, whenever the potential at the tip of these streamers is
suddenly changed by changing the potential of the inner electrode, an ionization wave
travels along these streamer channels [44]. Direct experimental evidence for the creation
of ionization waves along streamer channels is provided by the experiments conducted
by Suzuki [45]. In these experiments, physical processes that lead to the transformation
of streamer channels into highly conducting discharge channels just before the electrical
breakdown are studied using electrical as well as optical observations. Suzuki observed
that when the positive streamers from the anode contact the cathode, an ionization wave is
propagated along the streamer channel. At low voltages, several ionization waves travelled
along the streamer channel before it was thermalized. However, at higher voltages a single
ionizing wave becomes capable of thermalizing the streamer channel. The speed of these
ionizing waves depends on the voltage applied but the ionizing waves that lead to the final
breakdown are propagated at speeds larger than 107 m/s. Suzuki [45] also suggested that
the electric field associated with these ionizing waves could be on the order of 2 × 107 V/m.
Based on the evidence provided by the experiments conducted by Suzuki [45], we assume
that when positive and negative streamers meet, an ionization wave is created and this
ionization wave leads to the transformation of the streamer channels into conducting
channels that will lead to the breakdown of the gap. As we will show here, such an
ionization wave may carry a high electric field at its front that is capable of accelerating
electrons on its path to relativistic energies.

3. Testing of the Hypothesis and Results
3.1. Electric Field Associated with the Ionization Wave

Our hypothesis is that at the meeting point of streamers, a wave of ionization proceeds
in both directions making a conducting channel. The situation is identical to the formation
of a thin conducting channel which extends in both directions, one towards the high voltage
electrode and the other towards ground. This conducting channel extends in an electric
field which is comparable to the average electric field that exists in the gap at the time of
streamer encounter. The polarization of this conducting channel in the background electric
field leads to the accumulation of charges at its two ends giving rise to a high electric field
at the end. As the channel grows, this high electric field sweeps the previous streamer
channel imparting energy to the free electrons. The first problem that one has to solve in
analyzing this problem is to estimate the electric field generated by the conducting channel
at its ends. The geometry of the problem is depicted in Figure 2. The conducting channel
is marked in red. Let the length of the channel at any given instance be l and its radius R.
The radius of the channel cannot be much larger than that of the streamer channels. If the
background electric field is known, the field enhancement at its termination and how far
this electric field extends can be estimated using charge simulation procedures.
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Figure 2. Pictorial depiction of the propagation of a highly conducting ionization wave at the meeting
point of oppositely polarized streamers. The waves start at the meeting point and travel in both
directions along the streamer channel with speed v. As time increases the length of the highly
conducting region caused by the ionization wave increases.

The electric field at the end of the channel for different lengths and radii of the channel
when it is located in a background electric field of 106 V/m is shown in Figure 3. The results
are presented for different values of ionization length varying from 0.1 m to 0.3 m and for
different channel radii varying from 0.0001 m to 0.001 m. The calculation is based on the
charge simulation method similar to that used in generating results presented in [35]. In
calculating these fields we have assumed that the length of the ionization channel remains
constant. That is, we have used static conditions. The background electric field assumed in
the gap is roughly the average background electric field in the gap at the time of streamer
encounter in the experiments conducted by Kochkin [27]. Note that the electric field
shown in Figure 3 is that generated by the conducting channel alone, without including
the background electric field. These diagrams show that the electric field is very high at
the termination of the channel and it extends to some distance ahead of the channel. The
field enhancement is higher for thin channels than for the thick ones. It also increases with
increasing channel length. How far it extends ahead of the channel terminations is also
determined by the channel length and its radius.
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Figure 3. The electric field that is created ahead of the ionization wave for different values of l, the length of the ionization
wave, and its radius R. Note that the distance ahead of the ionization wave is given as a fraction of the radius R. In
the calculations, it is assumed that the background electric field that polarizes the ionization wave is 106 V/m. Results
are presented for different lengths of the ionization wave and the radius of the channel. (a) R = 0.0001 m, l = 0.1 m;
(b) R = 0.001 m, l = 0.1 m; (c) R = 0.0001 m, l = 0.2 m; (d) R = 0.001 m, l = 0.2 m; (e) R = 0.0001 m, l = 0.3 m and (f) R = 0.001 m,
l = 0.3 m.
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These calculations are provided for a stationary channel. If the channel extends ahead
with a certain speed, the electric field would be modified depending on the speed. If the
speed approaches the speed of light, the extension of the field ahead of the channel tip
decreases. However, for speeds significantly smaller than the speed of light, the electric
field calculated for the stationary channel would not change significantly. As the channel
extends, this high electric field sweeps the defunct streamer channels and the thermal
electrons in these channels would be accelerated. The next step is to evaluate the energies
to which this ionization wave could accelerate the electrons. In the analysis, we have
assumed that the conductivity of the ionization wave is large enough for the background
electric field to polarize the channel to create field enhancement at the ends. Let us denote
the speed of propagation of the ionization wave as v and its length as l. Consider a small
channel element δ such that δ << l. Then, for the above condition to be satisfied, the
relaxation time τ of the ionization wave should be such that τ << δ/v. For the speeds and
lengths of the ionization waves considered here, the conductivity of the ionization wave
should be on the order of 5 S/m for the above condition to be satisfied. This is larger than
the estimated conductivity of streamer channels, which is about 1 S/m [46].

3.2. Acceleration of Electrons by the Electric Field Associated with the Ionization Wave

In the analysis, we consider electrons that are located along the path of the ionization
wave (i.e., along the streamer channels) and estimate how the energy of these electrons is
modified as they are exposed to the electric field of the ionization wave. Since the electrons
are acting independently, we will consider the behavior of a single electron located along
the path of the ionization wave. As the electron gains energy from the ionization wave,
its speed increases and there are two possible outcomes. In the first case, as the electron
gains energy, its speed increases beyond the speed of the approaching ionization wave
and it will move out of the high field region. In the second case, it does not gain enough
energy to overcome the approaching ionization wave and it will be engulfed by it. We
do not consider what happens to the electrons that will enter into the highly conducting
region. Our main concentration will be on the electrons that can gain enough energy to
break away from the high field region of the ionization wave. Before that, let us consider
the equation of motion of the electrons exposed to the electric field of the ionization wave.

A free electron located in a gaseous medium when exposed to an electric field will
experience a force equal to −eE, where e is the electronic charge and E is the electric field.
Under the influence of this force, the electron continues to accelerate in the medium. In the
relativistic regime, the kinetic energy is given by

Ek =
m0c2√
1 − v2

c2

− m0c2 (2)

As the electron accelerates, it loses energy due to collisions with atoms. This energy
loss process can be treated as a frictional force which opposes the movement of the electron.
The energy balance equation of the electron is given by

dp
dt

= eE − FD(p) (3)

In the above equation p is the momentum of the electron, E is the electric field to
which the electron is exposed and FD is the drag force. The drag force as a function of
energy is shown in Figure 1.
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4. Results

Here, we consider the tip of the ionization wave which is moving towards the positive
electrode. In this case, the electrons will be accelerated away from the tip of the ionization
wave. As mentioned earlier, even if the peak of the electric field generated by the ionization
wave is larger than the threshold electric field necessary to move them into a runaway
regime, whether the electrons will be accelerated to relativistic energies will depend on
the duration of the high field region. This duration in turn is controlled by the speed
of the ionization wave and the speed of the electron. In the analysis, the speed of the
ionization wave was fixed at 107 m/s. As the ionization wave proceeds along the channel,
all the free electrons located on the path of the ionization wave will be swept over by the
electric field. We start our analysis with an electron located at a certain distance from
the tip of the ionization wave where the electric field is just at the threshold for cold
runaway, i.e., 2.6 × 107 V/m. In the simulation, the energy of the electron is calculated
until either it gains enough energy to move beyond the front or until it will be engulfed by
the ionization wave.

The parameters that we have studied are the length of the ionization wave, its radius,
the background electric field through which the ionization wave is moving and the speed of
the ionization wave. As the electrons are exposed to the electric field, they start accelerating
and their energy and the speed increases. Initially, the speed starts with a low value and it
starts to increase as the electron gains energy from the electric field. As mentioned earlier,
the initial position of the electrons coincides with the location where the electric field is
equal to 2.6 × 107 V/m. We again remind the reader that here we assume that cold electron
runaway does not occur in regions of the discharge with elevated temperature and low
density. The electric field experienced by the electron as a function of time is shown in
Figure 4 and the energy of the electron as a function of time is shown in Figure 5. In each
figure, the length of the ionization wave, the radius of the ionization wave and its speed
are depicted. In the analysis, three lengths of ionization wave, namely, 0.1, 0.2 0.3 m, and
three values of channel radii, namely, 0.0001 and 0.001 m, were used. Recall that the electric
field that exists ahead of the ionization wave depends on the length of the ionization wave.
During the time when the electron is gaining energy from the electric field, the length of
the ionization wave increases continuously and, therefore, the electric field ahead of the
ionization wave should also increase and this in principle should be taken into account
in the calculation. However, observe that the change in the length of the ionization wave
during the acceleration of the electrons is negligible in comparison to the lengths of the
ionization waves that we have used in the calculation. Thus, it is justified to use the electric
field calculated for a given fixed length of the ionization wave, i.e., 0.1 m, 0.2 m or 0.3 m, to
simulate the electric field experienced by the electrons during their interaction with the
ionization wave. The results presented in Figures 4 and 5 are for a background electric
field of 106 V/m through which the ionization wave is propagating. In the calculation, the
initial energy of the electron is assumed to be 15 eV. However, this parameter does not
influence the results presented in the previous graphs.
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Figure 4. The electric field experienced by the accelerating electron as a function of time. In the calculations, it is assumed that
the background electric field that polarizes the ionization wave is 106 V/m. The speed of propagation of the ionization wave
is 107 m/s. Results are presented for different lengths of the ionization wave and the radius of the channel. (a) R = 0.0001 m,
l = 0.1 m; (b) R = 0.001 m, l = 0.1 m; (c) R = 0.0001 m, l = 0.2 m; (d) R = 0.001 m, l = 0.2 m; (e) R = 0.0001 m, l = 0.3 m and
(f) R = 0.001 m, l = 0.3 m.
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Figure 5. The energy acquired by the accelerating electron as a function of time. In the calculations, it is assumed that
the background electric field that polarizes the ionization wave is 106 V/m. The speed of the ionization wave is 107 m/s.
Results are presented for different lengths of the ionization wave and the radius of the channel. (a) R = 0.0001 m, l = 0.1 m;
(b) R = 0.001 m, l = 0.1 m; (c) R = 0.0001 m, l = 0.2 m; (d) R = 0.001 m, l = 0.2 m; (e) R = 0.0001 m, l = 0.3 m and (f) R = 0.001 m,
l = 0.3 m.

5. Discussion

Observe in Figure 4 that, initially, the electric field experienced by the electron in-
creases, reaches a peak and then it starts to decrease. The reason for this is the following.
Initially, the electron speed is lower than the speed of the ionization wave and, for this
reason, the distance between the electron and the tip of the ionization wave decreases.
Since the electric field increases as one moves towards the tip of the ionization wave, the
electric field experienced by the electron increases. As the electric field increases, the energy
gained and the speed of the electron increase and, at a certain stage, its speed becomes
equal to that of the ionization wave. This is the time at which the maximum electric field is
experienced by the electron. From that time onwards, the speed of the electron becomes
larger than that of the ionization wave and the distance between the electron and the tip
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of the ionization wave increases. As a result, the electric field experienced by the electron
starts to decrease.

The results shown in Figure 5 clearly show that for a length of the ionization wave on
the order of 10 cm or more, the electric field of the ionization wave can accelerate electrons
to relativistic energies. In the case of Figure 5a, when the electron leaves the high field
region generated by the ionization wave, it has not gained enough energy to be further
accelerated in the background electric field. For this reason it starts losing energy once it
has left the high field region of the ionization wave. In all the other cases, the electrons
continue to accelerate and gain energy from the background electric field. Observe that the
time over which the electrons are accelerated to the relativistic energies is about 5 x 10−10 s.
This is a short time interval but the electric field is large enough during this time interval to
accelerate electrons to relativistic energies.

In the results presented in Figures 4 and 5, we have assumed that the background
electric field to which the conducting region of the ionization wave is exposed is equal to
106 V/m. This is approximately equal to the average background electric field in the gap at
the time of streamer collision in the experiments conducted by Kochkin [27]. Of course,
the electric field produced by the ionization wave and hence the energy of the runaway
electrons depends on the background electric field. It increases with increasing background
electric field and vice versa. For example, the energy gained by the electrons when the
background electric field is reduced to 0.5 × 106 V/m for l = 0.2 m and R = 0.001 m is
depicted in Figure 6 (curve 1). In the same plot, we have depicted the energy gained by
electrons when the background electric field is 106 V/m (curve 2).

Figure 6. Effect of background electric field on the energy gained by the accelerating electron.
(1) 0.5 × 106 V/m. (2) 1 × x 106 V/m.

In the calculations presented here, we have assumed that the speed of propagation of
the wave is 107 m/s. This is based on the measurements of the speed of ionization waves
conducted by Suzuki [45]. Of course, the energy gained by the electrons depends also
on the speed of the ionization wave. For example, Figure 7 shows the effect of the speed
of propagation of the ionization wave on the energy gained by the electrons. Observe
that the energy gained by the electrons increases as the speed of the ionization wave
increases. However, as the speed of the ionization wave increases, there will be a stage
where the accelerating electron will be captured by the ionization wave before it had time
to escape from the high field region. The curve (marked with a different color) which
terminates at the circle in Figure 7 corresponds to the ionization waves with a speed equal
to 3.25 × 107 m/s. In this case, the electron was captured by the ionization wave before it
had enough time to gain energy to escape from the high field region (the sphere indicates
the time and the energy at the time the electron was captured). However, we have to point
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out that, as mentioned earlier, we have used a static assumption in calculating the field.
This is approximately valid as long as the speed of the ionization wave is much smaller
than the speed of light. If the front is moving faster, the extension of the field ahead of
the front decreases and this leads to a reduction in the length of the region where the
high electric field exists ahead of the moving tip of the ionization wave. Unfortunately,
calculations of this field for speeds comparable to the speed of light are beyond the scope
of this paper.

Figure 7. The effect of the speed of propagation of the ionization wave, v, of the wave on the energy
gained by electrons for an ionization wave of radius 0.001 m and length 0.1 m. (1) v = 10 × 106 m/s
(2) v = 1.5 × 107 m/s (3) v = 2.0 × 107 m/s (4) v = 2.5 × 107 m/s (5) v = 3.0 × 107 m/s. The waveform
that terminates at the point marked with a circle corresponds to the speed 3.248 × 107 m/s. At this
speed, the electron was engulfed by the ionization wave (at the time corresponding to the circle in
the plot) before it had enough time to reach a speed comparable to the speed of the ionization wave.

As mentioned earlier, there is ample evidence in the literature on the creation of
ionization waves when electrical discharges of one potential meet another with a different
potential. The experimental data presented in reference [45] and the theoretical studies
conducted by Sigmond [47] provide direct experimental and theoretical evidence for
the creation of ionization waves when streamers encounter similar discharges of opposite
polarity. In the experiments conducted by Kochkin et al. [27–29], almost in time coincidence
with the meeting of streamers, one can observe an oscillation of the current in the electrodes.
This indicates a sudden injection of charge into the electrodes of the discharge. One reason
for these oscillations could be the impingement of the streamers of opposite polarity
onto the surface of the electrode. It is also possible that these oscillations are caused by
the changes in the current flowing into (or out of) the electrode when it encounters the
ionization waves. If this is the case, it will provide indirect evidence for the generation of
ionization waves during streamer collisions.

It is important to point out that what we have presented in this paper represents
a few time slots of a more or less continuous process. Once initiated, the length of the
ionization region increases with time continuously and the different stages that we have
described earlier will take place successively. It is also possible that the ionization wave
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will decay as it propagates forward and it could be re-energized again later due to the
accumulation of charges at its ends. Furthermore, streamer collisions could give rise
to several ionization waves. Each of these ionization waves could accelerate electrons
to energies close to 50–100 keV and the background electric field could accelerate them
further to higher energies, resulting in multiple X-ray bursts having energies in the order
of several hundreds of keV.

The acceleration of electrons to runaway energies by ionization waves as presented
here might raise the question as to why return strokes, being actually an ionization wave,
have not yet been observed to generate X-rays. We believe that there are two reasons
for this. The first reason could be that the speed of the return stroke is too high for the
electrons to be accelerated ahead of the return stroke front and to impart enough energy
to electrons to escape the high field region generated by the return stroke without being
engulfed by the return stroke. The second, and probably the most important reason, could
be the following. The return stroke is propagating along the leader channel which is
thermalized. In analyzing the acceleration of electrons to relativistic energies, we consider
the situation where electrons collide only with atoms. Thus, the behavior of each electron
is determined individually, without being influenced by other electrons. However, in a
thermalized channel, electrons are interacting with each other through Coulomb forces. In
other words, in this case, the individuality of the electrons disappears and all the electrons
act in unison as a single cloud. The energy gained by any electron is shared effectively with
other electrons through Coulomb forces. Thus, it becomes much more difficult to accelerate
a fraction of the electron population to relativistic energies. These two facts could be the
reason for the absence or scarcity of X-ray emissions from return strokes.

6. Conclusions

This paper suggests that ionization waves propagating along streamer channels during
the meeting of two streamer systems of opposite polarity could enhance the production of
relativistic electrons during the encounter of positive and negative streamer channels. The
numerical calculations presented in the paper support this hypothesis.

Author Contributions: Conceptualization, V.C.; software, V.C.; formal analysis, V.C., G.C., M.R. and
F.R.; data curation, V.C.; writing—original draft preparation, V.C., G.C., M.R. and F.R.; writing—
review and editing, V.C., G.C., M.R. and F.R.; funding acquisition, V.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the B. John F. and Svea Andersson donation at Uppsala University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wilson, C.T.R. The acceleration of beta particles in strong electric fields such as those of thunderclouds. Proc. Camb. Phil. Soc.

1925, 22, 534–538. [CrossRef]
2. Parks, G.K.; Mauk, B.H.; Spiger, R.; Chin, J. X-ray enhancements detected during thunderstorm and lightning activities. Geophys.

Res. Lett. 1981, 8, 1176–1179. [CrossRef]
3. McCarthy, M.; Parks, G.K. Further observations of X-rays inside thunderstorms. Geophys. Res. Lett. 1985, 12, 393–396. [CrossRef]
4. Dwyer, J.R.; Smith, D.M.; Cummer, S.A. High-Energy Atmospheric Physics: Terrestrial Gamma-Ray Flashes and Related

Phenomena. Space Sci. Rev. 2012, 173, 133–196. [CrossRef]
5. Stephan, K.; Shmatov, M. Hazards to Aircraft Crews, Passengers, and Equipment from Thunderstorm-Generated X-rays and

Gamma-Rays. Radiation 2021, 1, 162–173. [CrossRef]
6. Babich, L.P. High-Energy Phenomena in Electric Discharges in Dense Gases: Theory, Experiment, and Natural Phenomena; Futureplast:

Arlington, VA, USA, 2003.

http://doi.org/10.1017/S0305004100003236
http://doi.org/10.1029/GL008i011p01176
http://doi.org/10.1029/GL012i006p00393
http://doi.org/10.1007/s11214-012-9894-0
http://doi.org/10.3390/radiation1030015


Atmosphere 2021, 12, 1101 15 of 16

7. Fishman, G.J.; Bhat, P.N.; Mallozzi, R.; Horack, J.M.; Koshut, T.; Kouveliotou, C.; Pendleton, G.N.; Meegan, C.A.; Wilson, R.B.;
Paciesas, W.S.; et al. Christian Discovery of intense gamma-ray flashes of atmospheric origin. Science 1994, 264, 1313–1316.
[CrossRef]

8. Dwyer, J.R.; Schaal, M.M.; Cramer, E.S.; Arabshahi, S.; Liu, N.; Rassoul, H.K.S.; Hill, J.D.; Jordan, D.M.; Uman, M.A. Observation
of a gamma-ray flash at ground level in association with a cloud-to-ground lightning return stroke. J. Geophys. Res. Space Phys.
2012, 117, 10303. [CrossRef]

9. Eack, K.B.; Suszcynsky, D.M.; Beasley, W.H.; Roussel-Dupre, R.; Symbalisty, E. Gamma-ray emissions observed in a thunderstorm
anvil. Geophys. Res. Lett. 2000, 27, 185–188. [CrossRef]

10. Eack, K.B.; Beasley, W.H.; Rust, W.D.; Marshall, T.C.; Stolzenburg, M. X-ray pulses observed above a mesoscale convective system.
Geophys. Res. Lett. 1996, 23, 2915–2918. [CrossRef]

11. Briggs, M.S.; Connaughton, V.; Wilson-Hodge, C.; Preece, R.; Fishman, G.J.; Kippen, R.M.; Bhat, P.N.; Paciesas, W.S.; Chaplin, V.;
Meegan, C.A.; et al. Electron-positron beams from terrestrial lightning observed with Fermi GBM. Geophys. Res. Lett. 2011, 38,
02808. [CrossRef]

12. Moore, C.B.; Eack, K.B.; Aulich, G.D.; Rison, W. Energetic radiation associated with lightning stepped-leaders. Geophys. Res. Lett.
2001, 28, 2141–2144. [CrossRef]

13. Dwyer, J.R.; Uman, M.A.; Rassoul, H.K.; Al-Dayeh, M.; Caraway, L.; Jerauld, J.; Rakov, V.A.; Jordan, D.M.; Rambo, K.J.; Corbin,
V.; et al. Energetic Radiation Produced During Rocket-Triggered Lightning. Science 2003, 299, 694–697. [CrossRef] [PubMed]

14. Dwyer, J.R.; Rassoul, H.K.S.; Al-Dayeh, M.; Caraway, L.; Wright, B.; Chrest, A.; Uman, M.A.; Rakov, V.; Rambo, K.J.; Jordan,
D.M.; et al. Measurements of x-ray emission from rocket-triggered lightning. Geophys. Res. Lett. 2004, 31, 1–4. [CrossRef]

15. Dwyer, J.R.; Rassoul, H.K.S.; Al-Dayeh, M.; Caraway, L.; Chrest, A.; Wright, B.; Kozak, E.; Jerauld, J.; Uman, M.A.; Rakov, V.; et al.
X-ray bursts associated with leader steps in cloud-to-ground lightning. Geophys. Res. Lett. 2005, 32, 1–4. [CrossRef]

16. Stankevich, Y.L.; Kalinin, V.G. Fast electrons and x-rays at the initial stage of pulsed spark discharge development in air. Sov.
Phys. Dokl. 1967, 12, 1042–1043.

17. Dwyer, J.R.; Rassoul, H.K.S.; Saleh, Z.; Uman, M.A.; Jerauld, J.; Plumer, J.A. X-ray bursts produced by laboratory sparks in air.
Geophys. Res. Lett. 2005, 32, 20809. [CrossRef]

18. Rahman, M.; Cooray, V.; Ahmad, N.A.; Nyberg, J.; Rakov, V.A.; Sharma, S. X rays from 80-cm long sparks in air. Geophys. Res. Lett.
2008, 35, 06805. [CrossRef]

19. Nguyen, C.V.; Van Deursen, A.P.J.; Ebert, U. Multiple x-ray bursts from long discharges in air. J. Phys. D Appl. Phys. 2008, 41,
234012. [CrossRef]

20. Dwyer, J.R.; Saleh, Z.; Rassoul, H.K.S.; Concha, D.; Rahman, M.; Cooray, V.; Jerauld, J.; Uman, M.A.; Rakov, V.A. A study of X-ray
emission from laboratory sparks in air at atmospheric pressure. J. Geophys. Res. Space Phys. 2008, 113, 23207. [CrossRef]

21. March, V.; Montanyà, J. Influence of the voltage-time derivative in X-ray emission from laboratory sparks. Geophys. Res. Lett.
2010, 37, 19801. [CrossRef]

22. Hettiarachchi, P.; Rahman, M.; Cooray, V.; Dwyer, J. X-rays from negative laboratory sparks in air: Influence of the anode
geometry. J. Atmos. Sol.-Terr. Phys. 2017, 154, 190–194. [CrossRef]

23. Hettiarachchi, P.; Cooray, V.; Rahman, M.; Dwyer, J. Energy Distribution of X-rays Produced by Meter-Long Negative Discharges
in Air. Atmosphere 2017, 8, 244. [CrossRef]

24. Kochkin, P.O.; Nguyen, C.V.; van Deursen, A.P.J.; Ebert, U. Experimental study on hard X-rays emitted from metre-scale positive
discharges in air. J. Phys. D Appl. Phys. 2012, 45, 425202. [CrossRef]

25. Kochkin, P.O.; van Deursen, A.P.J.; Ebert, U. Experimental study on hard X-rays emitted from metre-scale negative discharges in
air. J. Phys. D Appl. Phys. 2015, 48, 025205. [CrossRef]

26. Kochkin, P.O.; van Deursen, A.P.J.; Ebert, U. Experimental study of the spatio-temporal development of metre-scale negative
discharge in air. J. Phys. D Appl. Phys. 2014, 47, 145203. [CrossRef]

27. Kochkin, P. Understanding lightning: Experiments on meter scale discharges and the X.-rays. Ph.D. Thesis, Eindhoven University
of Technology, Eindhoven, The Netherlands, 1 January 2014.

28. Gurevich, A.V. Zh. Eksp. Teor. Fiz. 1961, 12, 904–912. (English version of the paper: Gurevich, A.V. On the theory of runaway
electrons. Sov. Phys. JETP 1961, 12, 904–912.

29. Moss, G.D.; Pasko, V.P.; Liu, N.; Veronis, G. Monte Carlo model for analysis of thermal runaway electrons in streamer tips in
transient luminous events and streamer zones of lightning leaders. J. Geophys. Res. Space Phys. 2006, 111, A02307. [CrossRef]

30. Diniz, G.; Rutjes, C.; Ebert, U.; Ferreira, I.S. Cold electron run-away below the friction curve. J. Geophys. Res. Atmos. 2018, 124, 189.
[CrossRef]

31. Shmatov, M.L. New model of initial acceleration of electrons of terrestrial gamma-ray flashes with a hard spectrum. Phys. Lett. A
2015, 379, 1358–1360. [CrossRef]

32. Shmatov, M.L. Expected spectrum of high-energy photons from ball lightning. J. Plasma Phys. 2005, 72, 277. [CrossRef]
33. Askar’yan, G.A. Acceleration of particles by the edge field of a moving plasma point that intensifies an electric field. JETP Lett.

1965, 1, 97.
34. Askar’yan, G.A. Self-acceleration of ionizing particles in an electric field of a polarizing ionization loop. JETP Lett. 1965, 2, 113.
35. Cooray, V.; Arevalo, L.; Rahman, M.; Dwyer, J.; Rassoul, H.K.S. On the possible origin of X-rays in long laboratory sparks. J.

Atmos. Sol.-Terr. Phys. 2009, 71, 1890–1898. [CrossRef]

http://doi.org/10.1126/science.264.5163.1313
http://doi.org/10.1029/2012JA017810
http://doi.org/10.1029/1999GL010849
http://doi.org/10.1029/96GL02570
http://doi.org/10.1029/2010GL046259
http://doi.org/10.1029/2001GL013140
http://doi.org/10.1126/science.1078940
http://www.ncbi.nlm.nih.gov/pubmed/12560549
http://doi.org/10.1029/2003GL018770
http://doi.org/10.1029/2004GL021782
http://doi.org/10.1029/2005GL024027
http://doi.org/10.1029/2007GL032678
http://doi.org/10.1088/0022-3727/41/23/234012
http://doi.org/10.1029/2008JD010315
http://doi.org/10.1029/2010GL044543
http://doi.org/10.1016/j.jastp.2016.07.012
http://doi.org/10.3390/atmos8120244
http://doi.org/10.1088/0022-3727/45/42/425202
http://doi.org/10.1088/0022-3727/48/2/025205
http://doi.org/10.1088/0022-3727/47/14/145203
http://doi.org/10.1029/2005JA011350
http://doi.org/10.1029/2018JD029178
http://doi.org/10.1016/j.physleta.2015.03.013
http://doi.org/10.1017/S0022377805004083
http://doi.org/10.1016/j.jastp.2009.07.010


Atmosphere 2021, 12, 1101 16 of 16

36. Babich, L.; Bochkov, E. Numerical simulation of electric field enhancement at the contact of positive and negative streamers in
relation to the problem of runaway electron generation in lightning and in long sparks. J. Phys. D Appl. Phys. 2017, 50, 455202.
[CrossRef]

37. Köhn, C.; Chanrion, O.; Neubert, T. Electron acceleration during streamer collisions in air. Geophys. Res. Lett. 2017, 44, 2604–2613.
[CrossRef]

38. Lehtinen, N.G.; Østgaard, N. X-ray emissions in a multiscale fluid model of a streamer discharge. J. Geophys. Res. Atmos. 2018,
123, 6935–6953. [CrossRef]

39. Luque, A. Radio frequency electromagnetic radiation from streamer collisions. J. Geophys. Res. Atmos. 2017, 122, 10497–10509.
[CrossRef]

40. Cooray, V.; Dwyer, J.; Rakov, V.; Rahman, M. On the mechanism of X-ray production by dart leaders of lightning flashes. J. Atmos.
Sol. Terr. Phys. 2010, 72, 848–855. [CrossRef]

41. Gallimberti, I. The mechanism of long spark formation. J. Phys. Colloq. 1979, 40, 193–249. [CrossRef]
42. Briels, T.M.P.; Kos, J.; Winands, G.J.J.; van Veldhuizen, E.M.; Ebert, U. Positive and negative streamers in ambient air: Measuring

diameter, velocity and dissipated energy. J. Phys. D Appl. Phys. 2008, 41, 234004. [CrossRef]
43. Bazelyan, E.M. Lightning Physics and Lightning Protection; Institute of Physics (IOP): Bristol, UK, 2000.
44. Cabrera, V.M.; Cooray, V. On the mechanism of space charge generation and neutralization in a coaxial cylindrical configuration

in air. J. Electrost. 1992, 28, 187–196. [CrossRef]
45. Suzuki, T. Transition from the primary streamer to the arc in positive point-to-plane corona. J. Appl. Phys. 2003, 42, 3766–3777.

[CrossRef]
46. Shashurin, A.A.; Shneider, M.N.; Keidar, M. Measurements of streamer head potential and conductivity of streamer column in

the cold non equilibrium atmospheric plasmas. Plasma Sources Sci. Technol. 2012, 21, 034006. [CrossRef]
47. Sigmond, R.S. The Residual Streamer Channel: Return Strokes and Secondary Streamers. J. Appl. Phys. 1982, 56, 1355–1370.

[CrossRef]

http://doi.org/10.1088/1361-6463/aa88fd
http://doi.org/10.1002/2016GL072216
http://doi.org/10.1029/2018JD028646
http://doi.org/10.1002/2017JD027157
http://doi.org/10.1016/j.jastp.2010.04.006
http://doi.org/10.1051/jphyscol:19797440
http://doi.org/10.1088/0022-3727/41/23/234004
http://doi.org/10.1016/0304-3886(92)90070-A
http://doi.org/10.1063/1.1659684
http://doi.org/10.1088/0963-0252/21/3/034006
http://doi.org/10.1063/1.334126

	Introduction 
	Hypothesis 
	Testing of the Hypothesis and Results 
	Electric Field Associated with the Ionization Wave 
	Acceleration of Electrons by the Electric Field Associated with the Ionization Wave 

	Results 
	Discussion 
	Conclusions 
	References

