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Abstract—Electromagnetic field from simulated double-headed
mid-gap streamers is computed. The effect of the applied electric
field is studied by considering electric fields higher than the
conventional breakdown threshold (‘overvoltage’). The obtained
results show a 20 dB decay at 3.8 GHz for conventional
breakdown electric field, 35 GHz for ambient electric fields five
times the conventional breakdown and 170 GHz for fields ten
times the conventional breakdown electric field. The limitation in
nature of the intense electric fields suggest further experiments
using a radio receiver at frequencies of more than 10 GHz in order
to investigate the origin of the detected x-rays in laboratory
sparks.

observations of streamers [8] encouraged us to investigate the
electromagnetic spectrum radiation by streamers.
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The dynamics of the modelled streamer are described by the
following continuity equations representing a fluid description
of streamer plasma (e.g. [10]) coupled with the Poisson’s
equation:

I.

INTRODUCTION

The nature of lightning is the nature of leaders. A leader is a
conductive plasma channel that can develop in low electric field
ambient thanks to the intense ionization at its tip. An important
feature of a lightning leader is its streamer zone that helps to
propagate the leader by providing charge and current. Streamers
are less conductive plasmas than leaders presenting filamentary
structures. Streamers are short lived. Lightning leaders are very
asymmetric. Negative leaders propagate in a step manner
allowing to produce very intense electric fields for a short
periods of time. For that reason, it is interesting to investigate
the behavior of streamers submitted to high electric fields in
what we will name here as ‘overvoltage’.
On the other hand, not long ago was discover that lightning
can be the source of the Terrestrial Gamma ray Flashes [1] and
especially its leader processes [2]. At ground, x-ray emissions
are associated at the leader step phase [3-5]. These two
discoveries promoted the mechanisms of X-ray radiation in
laboratory sparks [6-9]. The investigations show that x-ray
primary occur before the breakdown in fast voltage impulses. By
means short exposure intensified cameras [8] found that x-ray
emissions were associated with streamer phase of the discharge
instead with the presence of leaders. Recently, it has been found
that RF power radiation at microwave range peaks at the time of
the detection of x-rays [9]. That coincidence with the optical

In this paper we theoretically investigate the spectrum
radiation of streamers. In order to do that, a numerical model of
a mid-gap streamer is computed. The model obtains the electron
and ion distribution in time for several applied electric fields.
After the electron distributions are obtained at any time, currents
and electromagnetic radiation are calculated.
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MODEL

= −∇ · ⃗⃗⃗
𝑣𝑒 + 𝐷𝑒 ∇2 𝑛𝑒 + (𝑣𝑖 − 𝑣𝑎 )𝑛𝑒 − 𝛽𝑒𝑝 𝑛𝑒 𝑛𝑝 + 𝑆𝑝ℎ (1)
= 𝑣𝑖 𝑛𝑒 − 𝛽𝑒𝑝 𝑛𝑒 𝑛𝑝 − 𝛽𝑛𝑝 𝑛𝑛 𝑛𝑝 + 𝑆𝑝ℎ (2)
= 𝑣𝑎 𝑛𝑒 − 𝛽𝑛𝑝 𝑛𝑛 𝑛𝑝 (3)

∇2 𝜙 = −

𝑒
𝜀𝑜

(𝑛𝑝 − 𝑛𝑒 − 𝑛𝑛 ) (4)

where 𝑛𝑒 , 𝑛𝑝 and 𝑛𝑛 are the electron, positive ion and
negative ion densities, respectively. The electron drift velocity
is ⃗⃗⃗
𝑣𝑒 = −𝜇𝑒 𝐸⃗ , where 𝜇𝑒 is the absolute value of the electron
mobility [11]. 𝐷𝑒 and 𝑣𝑖 are the electron diffusion [12] the
ionization [13] coefficient, respectively. The attachment
coefficient 𝑣𝑎 is the addition of the two-body and three-body
individual coefficients [11]. Recombination coefficients are 𝛽𝑒𝑝
and 𝛽𝑛𝑝 that represents the electron-positive ion recombination
and negative-positive ion recombination, respectively [11]. The
rate of electron-ion pair production due to photoionization is 𝑆𝑝ℎ
[12]. In Poisson’s equation for the electric potential𝜙, e is the
absolute value of the charge of the electron and 𝜀𝑜 the
permittivity of free space.

The electric field is calculated by means of the electric
potential gradient 𝐸⃗ = −∇𝜙. The Possison’s equation is solved
by means of the SSOR method [14].
The model of the streamer is simulated for a domain of 2 cm
in the z’-direction with three case of studies of the applied
electric field Eo =Ek, Eo =5Ek and Eo =10Ek where here Ek is
considered 2.7×106 V/m. It is important to mention that the 5Ek
and 10Ek might not be realistic in nature as it will be discussed
in section 4. The computation of the model is initiated with a
Gaussian cloud of plasma of 1020 m-3 at the middle of the
domain. The model here is 1.5D [13] considering an effective
streamer radius for photoionization of 0.5×10 -3 m calculation.
The results of the 1.5D model was compared with [15] and [16]
obtaining similar results.

Equation (6) is numerically integrated considering a
streamer radius of rs=12.5 mm [15]. The spectrum of the
resulted time-domain electric field calculated by means of the
fast Fourier transformation (e.g. [18]).
The model described in (1-4) does not include runaway
electrons so the radiation produced by the flux of runaway
electrons is not computed.
III.

RESULTS

Our interest result of the streamer model described by
equations (1)-(4) is the electron density at any part of the
domain. Fig. 2 shows the electron density at different times for
the case where Eo=Ek.

The model provides the electron and ion density at any part
of the discretized domain at time intervals of 10 ps. But in order
to calculate the current (moving charges) the drift and diffusion
of electrons needs to be computed. The electron flux at each
infinitesimal domain interval (d’) at z’ is calculated by
𝑗𝑧′ = −𝐷𝑒 ∇𝑛𝑒 − 𝜇𝑒 𝐸 𝑛𝑒 
Once the charge and currents are determined at any z’ of the
domain, the electromagnetic fields can be calculated. Here we
calculate the radiated component of electric field by means of
the retarded scalar and vector potentials.
Figure 2. Electron density at different times (t1= 0 ns, t2= 1 ns, t3= 2 ns, t4= 3 ns,
t5= 4 ns, t6= 5 ns, t7= 6 ns) of the simulated streamer with Eo=Ek.

The simulated mid-gap streamer shows bidirectional
development (e.g. Fig 2). The propagation to the right
corresponds to the negative front whereas the propagation to the
left corresponds to the positive front. It can be seen from Fig. 2
how the streamer accelerates as it propagates. The electric field
at the streamer fronts also grow as the streamer development
(approaching to the simulated electrodes). As pointed by many
authors photoionization is one of the main responsible of the
speed and acceleration of the streamer.
Figure 1. Geometry for calculation the electromagnetic field at point P
produced by a streamer volume current d’.

For a z’-directed current density element 𝑗𝑧′ in a volume ’
at z’ (Fig. 1), the radiated vertical component of the electric
field can be calculated by means of the Jefimenko’s equations
(e.g. [17]) and the equation (5) resulting in:

𝑑𝐸𝑧 (z, 𝑡) =

𝑒 𝑑𝜏′
4𝜋𝜀𝑜

[
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𝑅
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where c is the speed of light. We selected only the radiation
field. The radiation field is predominant at distances where
r>>.

In order to calculate the radiation field and then its spectrum,
the current needs to be calculated. The contribution to the current
is due to drift and diffusion of electrons computed by the
electron flux equation (5). The flux of electrons at different times
of the computed streamer for Eo=Ek is depicted in Fig. 3.

correspond to a very intense ‘over voltage’ situation similar to
those conditions of nanosecond discharges where x-rays are
found [19]. The spectrums presented here show some oscillation
due to the current truncation otherwise the computation time
would be much larger. The real spectrum would be dominated
by the spectrum similar of a Gaussian pulse representing the
front of the streamer.
In order to show the influence of the applied electric field
(‘overvoltage’) in the development of the streamer, the speeds
of the negative front are calculated and presented in Fig. 5.

Figure 3. Flux of electrons 𝑗𝑧′ at at different times (t1= 0 ns, t2= 1 ns, t3= 2 ns,
t4= 3 ns, t5= 4 ns, t6= 5 ns, t7= 6 ns) of the simulated streamer with Eo=Ek.

After the electron flux is computed, the radiated electric field
due to the streamer current is calculated by means of equation
(6). The spectrum is calculated with the obtained time domain
electric field 𝐸𝑧 (z, 𝑡). The resulted spectrums are presented in
Fig. 4.

a)

Figure 5. Negative front velocity for the three simulated cases.

The plot in Fig.5 shows how the streamer developing at
Eo=Ek its maximum speed is below 5·106 m/s, consistent with
[15]. The speed and acceleration drastically increases as the
applied electric field is increased 5 times and one order of
magnitude. This change of speed is reflected to the
electromagnetic radiation spectrum.
IV.

b)

c)

Figure 4. Calculated spectrum of 𝐸𝑧 for the range of z’= 1.84 cm to 2.08 cm.
a) Eo=Ek, b) Eo=5·Ek and c) Eo=10·Ek. Note that the three figures have
different axes. The oscillation in the calculated spectrums are due to the
truncation of the current.

The radiation electromagnetic spectrums due to the streamer
currents in Fig 4 show how the spectrum increases as the applied
electric field. For Eo= Ek a decrease of 20 dB is found about 3.8
GHz, for the case of Eo=5·Ek that would reach 35 GHz and for
the case Eo=10·Ek that would suppose a 20 dB decrease at 170
GHz. Of course the cases corresponding to 5·Ek and 10·Ek

DISCUSSION AND CONCLUSIONS

In this paper we presented simulation results of the
electromagnetic spectrum due to the streamer current for
different applied electric fields. The fields over Ek would
represent an ‘overvoltage’ case [19] that it might be also
produced at the front of negative stepped leader (corona flash
[20]). However in reality intense electric fields (>Ek) cannot be
persist for a long time because the exponential multiplication of
electrons (e.g [21-22]). This time is related to the time of
screening of the electric field by charges in a conducting
medium (Maxwell relaxation time). Maxwell relaxation
timescale is 𝜀𝑜 /𝜎, where 𝜎 is the conductivity of air. Because
the conductivity of air exponentially increases for intense
electric fields the time in which the electric field can persist
decrease inversely. As an example, [22] calculates that at ground
pressure, fields of 10 MV/m (3·Ek) would have a timescale not
higher than the nanosecond. Fields of about 5 MV/m (1.5·Ek)
can be sustained for 30 ns. In [23] the authors showed that the
maximum electric fields at streamer heads in ambient field of
1.5·Ek are 5·Ek occurring just prior branching of the streamer.
From these intense electric fields, it is shown that most of the
runaway electrons have energies of 65 keV. In case of
lighnting, the fields (⩾600 kV/m) during negative corona flashes
would allow further acceleration of these energetic electrons
[23] reaching energies in the range of several MeV.
As it has been shown in [9], x-ray detections in laboratory
sparks are produced simultaneously with the peak of radiated RF
power at microwaves (2.4 GHz). The simulations show how at

the range of 2.4 GHz the radiation at Eo=Ek is highly attenuated
but still existing. Combining the results of [8], [9] it is shown
that the x-rays might be related to the encounter of space
streamers. In such encounter, the electrons would highly
accelerate similar to ‘overvoltage’ cases simulated here. That
sounds reasonable to attribute the peak found in electromagnetic
radiation in [9] to be maximum at the time of the encounter. The
question is if the electromagnetic radiation and x-rays share the
same mechanism due to intense electric field at the streamer tip
with the limited ‘overvoltage’. The limit in the ambient electric
field (‘overvoltage’) suggests reproducing the experiment in [9]
with the receiver tuned higher frequencies in order to investigate
if the radiation mechanism is due to the streamer current or by
Bremsstrahlung radiation.
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