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The atmospheric electric fields in thunderclouds have been shown to significantly modify the intensity
and polarization patterns of the radio footprint of cosmic-ray-induced extensive air showers. Simulations
indicated a very nonlinear dependence of the signal strength in the frequency window of 30–80 MHz on the
magnitude of the atmospheric electric field. In this work we present an explanation of this dependence
based on Monte Carlo simulations, supported by arguments based on electron dynamics in air showers and
expressed in terms of a simplified model. We show that by extending the frequency window to lower
frequencies, additional sensitivity to the atmospheric electric field is obtained.
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I. INTRODUCTION

When a high-energy cosmic ray particle enters the upper
layer of the atmosphere, it generates many secondary high-
energy particles and forms a cosmic-ray-induced air
shower. Since these particles move with velocities near
the speed of light, they are concentrated in the thin shower
front extending over a lateral distance of the order of 100 m,
called the pancake. In this pancake the electrons and
positrons form a plasma in which electric currents are
induced. These induced currents emit electromagnetic
radiation that is strong and coherent at radio-wave frequen-
cies due to the length scales that are relevant for this process
[1]. Recent observations of radio-wave emission from

cosmic-ray-induced extensive air showers [2–8] have
shown that under fair-weather conditions there is a very
good understanding of the emission mechanisms [9]. It is
understood that there are two mechanisms for radio
emission that determine most of the observed features.
The most important contribution is due to an electric
current that is induced by the action of the Lorentz force
when electrons and positrons move through the magnetic
field of the Earth [10,11]. The Lorentz force induces a
transverse drift of the electrons and positrons in opposite
directions such that they contribute coherently to a net
transverse electric current in the direction of the Lorentz
force v ×B, where v is the propagation velocity vector of
the shower and B is the Earth’s magnetic field. The
radiation generated by the transverse current is polarized
linearly in the direction of the induced current. A secondary
contribution results from the buildup of a negative charge
excess in the shower front. This charge excess is due to the
knockout of electrons from air molecules by the shower
particles, and gives rise to radio emission that is polarized

*t.n.g.trinh@rug.nl

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PHYSICAL REVIEW D 93, 023003 (2016)

2470-0010=2016=93(2)=023003(17) 023003-1 Published by the American Physical Society

http://dx.doi.org/10.1103/PhysRevD.93.023003
http://dx.doi.org/10.1103/PhysRevD.93.023003
http://dx.doi.org/10.1103/PhysRevD.93.023003
http://dx.doi.org/10.1103/PhysRevD.93.023003
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/


in the radial direction to the shower axis [12,13]. The total
emission observed at ground level is the coherent sum of
both components. Because the two components are polar-
ized in different directions, they are added constructively or
destructively depending on the positions of the observer
relative to the shower axis. Since the particles move with
relativistic velocities, the emitted radio signal in air, a
dielectric medium having a nonunity refractive index, is
subject to relativistic time-compression effects. The radio
pulse is therefore enhanced at the Cherenkov angle [7,14].
Another consequence of the relativistic velocities is that the
emission is strongly beamed, and the radio emission is only
visible in the footprint underneath the shower, limited to an
area with a diameter of about 600 meters. As is well
understood [11], under fair-weather circumstances we see
that the signal amplitude is proportional to the energy of
the cosmic ray, and thus to the number of electrons and
positrons in the extensive air shower [5]. We note that this
proportionality of the radio emission to the number of
electrons and positrons no longer holds in the presence of
strong atmospheric electric fields, which is the main
subject of this work. The frequency content of the pulse
is solely dependent on the geometry of the electric currents
in the shower [15]. As is shown in the present work, the
presence of strong atmospheric electric fields affects not
only the magnitudes of the induced currents but, equally
important, their spatial extent, and thus the frequencies at
which coherent radio waves are emitted.
There are several models proposed to describe radio

emission from air showers: the macroscopic models
MGMR [11], EVA [16] calculating the emission of the
bulk of electrons and positrons described as currents; the
microscopic models ZHAires [17], CoREAS [18] based on
full Monte Carlo simulation codes; and SELFAS2 [19], a
mix of macroscopic and microscopic approaches. All
approaches agree in describing the radio emission [20].
First measurements of the radio footprint of extensive air

showers, made during periods when there were thunder-
storms in the area, so-called thunderstorm conditions, have
been reported by the LOPES [21,22] Collaboration. It was
seen that the amplitude of the radiation was strongly
affected by the atmospheric electric fields [23]. More
recently detailed measurements of the radio footprint,
including its polarization, were reported by the LOFAR
[24] Collaboration. The latter observations make use of the
dense array of radio antennas near the core of the LOFAR
radio telescope [25], a modern radio observatory designed
for both astronomical and cosmic ray observations (see
Fig. 1). At LOFAR, two types of radio antennas are
deployed, where most cosmic ray observations have been
made using the low-band antennas (LBA) operating in the
30 MHz to 80 MHz frequency window, which is why we
concentrate on this frequency interval in this work. In the
observations with LOFAR, made during thunderstorm

conditions, strong distortions of the polarization direction
as well as the intensity and the structure of the radio
footprint were observed [24]. These events are called
“thunderstorm events” in this work. The differences from
fair-weather radio footprints of these thunderstorm events
can be explained as the result of atmospheric electric fields
and, in turn, can be used to probe the atmospheric electric
fields [24].
The effect of the atmospheric electric field on each of the

two driving mechanisms of radio emission, transverse
current and charge excess, depends on its orientation with
respect to the shower axis. As we will show, the component
parallel to the shower axis, E∥, increases the number of
either electrons or positrons, depending on its polarity, and
decreases the other. However, there is no evidence that this
expected change in the charge excess is reflected in a
change in the radio emission as can be measured with the
LOFAR LBAs. The component perpendicular to the
shower axis, E⊥, does not affect the number of particles
but changes the net transverse force acting on the particles.
As a result, the magnitude and the direction of the trans-
verse current change, and thus the intensity and the
polarization of the emitted radiation do as well. How-
ever, simulations show that when increasing the atmos-
pheric electric field strength up to E⊥ ¼ 50 kV=m, the
intensity increases, as expected naively, after which the
intensity starts to saturate.
In this work, we show that the influence of atmospheric

electric fields can be understood from the dynamics of the
electrons and positrons in the shower front as determined
from Monte Carlo simulations using CORSIKA [26]. The
electron dynamics is interpreted in a simplified model to
sharpen the physical understanding of these findings.

FIG. 1. A schematic structure of a thundercloud is given where
charge is accumulated at the bottom and the top layers. An air
shower (in red) is passing through the thundercloud. The LOFAR
core is seen as a circular structure on the ground, where a few
LOFAR antenna stations can be distinguished. The structure of the
induced electric field is given schematically on the right-hand side.
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II. RADIO EMISSION SIMULATIONS

The central aim of this work is to develop a qualitative
understanding of the dependence of the emitted radio
intensity on the strength of the atmospheric electric field.
For the simulation, we use the code CoREAS [18], which
performs a microscopic calculation of the radio signal
based on a Monte Carlo simulation of the air shower

generated by CORSIKA [26]. The input parameters can be
found in the Appendix. The particles in the shower are
stored at an atmospheric depth of 500 g=cm2, correspond-
ing to a height of 5.7 km, near Xmax, the atmospheric depth
where the number of shower particles is largest, for later
investigation of the shower properties. The radio signal is
calculated at sea level, as is appropriate for LOFAR. The
pulses are filtered by a 30 MHz to 80 MHz block bandpass
filter corresponding to the LOFAR LBA frequency range.
The total power is the sum of the amplitude squared over all
time bins. The radiation footprints, representing the total
power (see Figs. 2 and 3), are plotted in the shower plane,
with axes in the directions of v ×B and v × v ×B.
We have checked that proton induced showers show very

similar features to those presented here. We study iron
showers to diminish effects from shower-to-shower fluc-
tuations. Since these fluctuations are due to the stochastic
nature of the first high-energy interactions, they are larger
in proton showers than in iron showers, where there are
many more nucleons involved in the initial collision. These
fluctuations tend to complicate the interpretation of the
numerical calculations, since the changes observed in the

FIG. 2. Intensity footprints of 1015 eV vertical showers for the
30–80 MHz band for the cases of no electric field (top), E∥ ¼
50 kV=m (middle), and E∥ ¼ 100 kV=m (bottom).

FIG. 3. Intensity footprints of 1015 eV vertical showers for the
30–80 MHz band for the cases of F⊥¼ 50 keV=m (top) and
F⊥¼ 100 keV=m (bottom).
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radio emission pattern can be due to these fluctuations or,
more interestingly, to the effects of atmospheric electric
fields.
As the aim of this paper is to obtain a deeper insight in the

dependence of the radio footprint of an extensive air shower
on the strength of the electric fields,we have concentrated on
one particular atmospheric field configuration that appears
typical for at least half the events that are recorded under
thunderstorm conditions. We assume a two-layer electric
field configuration much like the one introduced in
Ref. [24]. This structure of the fields is schematically shown
in Fig. 1. Physically, this field configuration can be thought
to originate from a charge accumulation at the bottom and
the top of a thunderstorm cloud. The boundaries between the
layers are set at hL ¼ 3 km and hU ¼ 8 km. The height of
3 km is typical for the lower charge layer in the Netherlands
(see Fig. 1 in Ref. [27] showing an ice containing cloud as an
example). In thunderclouds, the upper charge layer would
typically be above 8 km altitude. In this work, the height of
8 km is chosen since we are not sensitive to even higher
altitudes, where there are few air-shower particles [24]. The
strength of the field in the lower layer is fixed at a certain
fraction of the value of the field in the upper layer, ranging
from hL till hU, oriented in the opposite direction. The
orientation of the electric field is not necessarily vertical, as it
depends on the orientation of the charge layers. Finding the
orientation of the field is thus an important challenge for the
actual measurement. As we will show in the following
sections, the sensitivity of the radio footprint is rather
different for fields parallel and perpendicular to the direction
of cosmic ray. To show this, we study these two cases
separately in order to have a discussion of these sensitivities
as cleanly as possible. This may give rise to an unphysical
field structure in some cases (see Sec. II B). To obtain a
physical field configuration with vanishing curl, one could
have added a parallel component where the magnitude
depends on the assumed orientation of the charge layer.
We have opted not to introduce this arbitrariness, since the
sensitivity to the parallel electric field is small. In this work
we consider field strengths in the upper layer of up to
100 kV=m, which is below the runaway breakdown limit of
284 kV=m at sea level [28,29] and of 110 kV=m at 8 km.
Balloon observations show that the electric fields vary with
altitude [30]. The electric fields used in the simulations are
homogeneous within each layer while the fields in thunder-
clouds varywith heights, so the fields used in the simulations
should be considered the average of the actual field-strength
distribution in the cloud. In Sec. III F, we argue that due to
intrinsic inertia in the shower development, the field effects
are necessarily averaged over distances of the order of
0.5 km. The change of orientation of the electric field at the
height hL introduces a destructive interference between the
radio emission of air showers in the two layers, generating a
ringlike structure in the radio footprint. Electric fields in
thunderstorm conditions can be more complicated than the

simple structure assumed here, which will be reflected in
more intricate radio footprints (see Ref. [24] for an exam-
ple). These more complicated configurations will be the
subject of a forthcoming article. It should be noted that the
insight in the particle motion at the air-shower front under
the influence of electric fields presented in this work is
independent of the detailed structure of the field
configuration.

A. Parallel electric field

To study the effects of a parallel electric field, the
strength of the field in the upper layer is taken in the
direction of the shower and is varied from 0 to 100 kV=m
in steps of 10 kV=m. The upper-layer field points upward
along the shower axis and accelerates electrons downward.
The field in the lower layer is set at k ¼ 0.3 times the value
in the upper layer, pointing in opposite direction. For
simplicity we consider vertical showers. As can be seen
from Fig. 4, the number of electrons and positrons at the
shower maximum increases with increasing electric field,
while the square root of the power

ffiffi
I

p
in the radio pulse

remains almost constant. The number of electrons also
increases with increasing electric field. The number of
positrons, not shown here, lightly decreases. Since there are
fewer positrons than electrons, the total number of electrons
and positrons still increases. Thus, for coherent emission,
where the amplitude of the signal is proportional to the total
number of electrons and positrons, one expects the signal
strength to increase proportionally to the total number of
particles with the electric field. The simulation results in
Fig. 4 show clearly that, contrary to this expectation, the

FIG. 4. The number of electrons and positrons at the shower
maximum (blue left axis), the number of electrons at the shower
maximum (yellow left axis), and the maximum

ffiffi
I

p
(black right

axis) for vertical 1015 eV showers (dashed lines) and for vertical
1016 eV showers (right solid lines) as a function of the parallel
electric fields. For the 1016 eV showers, the number of particles
and the pulse amplitude are scaled down by a factor of 10.
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square root of the power
ffiffi
I

p
is almost constant. These

features will be explained in Sec. III C. The fluctuations in
the

ffiffi
I

p
are due to shower-to-shower fluctuations. The

difference in the
ffiffi
I

p
(after scaling) between the 1015 eV

shower and the 1016 eV shower appears due to a slight
difference in Xmax.
As explained in Sec. III C, the observed limited depend-

ence is due to the fact that the additional low-energy
electrons in the shower trail behind the shower front at a
relatively large distance and thus do not contribute to
coherent emission at the observed frequencies. The trailing
behind the shower front of the low-energy electrons was
also shown in Ref. [31], but for the breakdown region.
Not only the strength of the signal, but also the structure

of the radio footprints for the LOFAR LBA frequency
range, as shown in Fig. 2, does not really depend on the
strength of the parallel electric field. Furthermore, the bean
shape (see the top panel of Fig. 2), typically observed in air
showers in fair-weather condition, is also present in these
footprints because the parallel electric fields have small
effects on both the transverse-current and the charge-excess
components.

B. Transverse electric field

To investigate the effect of a transverse electric field, we
will take a simple geometry with a vertical shower and
horizontally oriented electric fields. As mentioned in
Sec. II, this does give rise to the situation where at height
hL the horizontal component changes sign, giving rise to a
finite value for curl(E) which is not physical. This should,
however, be regarded as the limiting result of the case
where the cosmic ray is incident at a finite zenith angle
crossing an almost horizontal charge layer. At the charge
layer the direction of the electric field changes; i.e., the
components transverse as well as those longitudinal to
the shower direction are changed. Here we concentrate on
the transverse component.
The transverse electric field does not change the number

of electrons, but instead increases the magnitude and
changes the direction of the drift velocity of the electrons.
This is shown in Fig. 5, where the results of simulations are
shown for vertical 1015 eV showers for the case in which
the net force on the electrons (the sum of the Lorentz and
the atmospheric electric field) is oriented transversely to the
shower at an angle of 45° to the v ×B direction. The
strength of the net transverse force in the upper layer is
varied from 5 keV=m to 100 keV=m in steps of 5 keV=m.
For the lower level, the electric field is chosen such that the
net force acting on the electrons is a fraction 0.3 of that in
the upper layer. One observes that the number of electrons
at the shower maximum stays rather constant while the
transverse-drift velocity of these electrons increases almost
linearly with the strength of the net force. The induced
transverse current thus increases linearly with the net force.

Due to a strong increase in the transverse current
contribution while the charge excess contribution remains
constant, the asymmetry in the pattern diminishes and the
radio footprint attains a better circular symmetry around the
shower core. The interference between radio emission in
two layers introduces a destructive interference near the
core, which results in a ringlike structure in the intensity
footprint, which can clearly be distinguished in Fig. 3. At
the ring, the signal reaches the maximum value. For the
case of F⊥¼ 50 keV=m (top panel of Fig. 3), there is an
asymmetry along the 45° axis which is the direction of the

FIG. 5. The number of electrons (solid blue line, left axis) and
their drift velocity at Xmax (dashed black line, right axis) of
vertical 1015 eV showers as a function of the net-transverse
forces.

FIG. 6. The square root of the power
ffiffi
I

p
at the ring of maximal

intensity for vertical 1015 eV showers (dashed line) as well as for
vertical and inclined 1016 eV showers (solid lines) as a function
of the net transverse force. For the 1016 eV showers, the

ffiffi
I

p
is

scaled down by a factor of 10.
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net force F⊥ and results from the interference with the
charge-excess component. For F⊥¼ 100 keV=m this
asymmetry is even smaller.
Interestingly, Fig. 6 shows that the square root of the

power
ffiffi
I

p
is proportional to the net force until about

50 keV=m, where it starts to saturate. This appears to be a
general feature, independent of shower geometry. As we
will argue in Sec. III D, the saturation of the

ffiffi
I

p
is due to

loss of coherence, since with increasing transverse electric
field the electrons trail at larger distances behind the
shower front.

III. INTERPRETATION

The radio emission simulation results clearly show that
the strength of the radio signal saturates as a function of the
applied transverse electric field and seems to be insensitive
to the parallel component of the electric field. In this section
we explain these observations on the basis of the electron
dynamics as can be distilled from Monte Carlo simulations
using CORSIKA. To interpret these, we will use a simplified
picture for the motion of the electrons behind the shower
front. Since effects of electric fields on electrons and
positrons are almost the same but opposite in direction,
we will, to simplify the discussion, concentrate on the
motion of electrons.
The central point in the arguments presented here is the fact

that the emitted radio-frequency radiation is coherent. The
intensity of coherent radiation is proportional to the square of
the number of particles, while for incoherent radiation it is
only linearly proportional. Since the number of particles is
large, many tens of thousands, this is an important factor. To
reach coherence, the retarded distance between the particles
should be small compared to thewavelength of the radiation.
For the present cases, most of the emission is in near forward
angles from the particle cascade, which implies that the
important length scale is the distance the electrons trail behind
the shower front [1]. When this distance is typically less than
half a wavelength, the electrons contribute coherently to the
emitted radiation. For the LOFAR frequency window of 30–
80 MHz, we assume this coherence length to be 3 m. The
challenge is thus to understand the distance the electrons trail
behind the shower front.
In the discussion in this paper, we distinguish a trans-

verse force acting on the electrons and a parallel electric
field. The transverse force is the (vectorial) sum of the
Lorentz force derived from the magnetic field of the Earth
and the force due to a transverse electric field. We limit our
analysis to the electrons having an energy larger than
3 MeV, since lower-energetic ones contribute very little to
radio emission.

A. Energy-loss time of electrons

In the simplified picture we use for the interpretation of
the Monte Carlo results, we will assume that the energetic

electrons are created at the shower front with a relatively
small and randomly oriented transverse momentum com-
ponent. Like the nomenclature used for the electric field,
transverse implies transverse to the shower axis, which is in
fact parallel to the shower front. After being created, the
energetic electron is subject to soft and hard collisions with
air molecules, through which it will loose energy. For high-
energy electrons the bremsstrahlung process is important,
through which they may loose about half their energy. The
radiation length for high-energy electrons in air, mostly due
to bremsstrahlung, is X0 ∼ 36.7 g=cm2 [32], and their
fractional energy loss per unit of atmospheric depth is
a ¼ 1=X0 ¼ 0.0273 cm2=g [33]. In the low-energy regime,
for energies larger than 3 MeV, soft collisions with air
molecules take over which hardly depend on the initial
energy of the electrons, and the energy loss per unit of
atmospheric depth is almost constant, b ¼ 1.67 MeVcm2=g
[33]. The energy loss for low-energy as well as high-energy
electrons can thus be parameterized as

−
dU
dX

¼ aU þ b; ð1Þ

where U is the energy of electrons and X is the atmos-
pheric depth.
The distance L (in [g=cm2]) over which the electron

energy is reduced to a fraction 1=ξ of the original energy,
i.e. they lose an energy of ΔU ¼ ð1 − 1=ξÞU, is thus

Lξ ¼
1

a
ln

�
aU0 þ b
aU0=ξþ b

�
: ð2Þ

Since these particles move with a velocity near the speed of
light, where we use natural units c ¼ 1, this corresponds to
an energy-loss time τξ, given by

τξðUÞ ¼ L
ρ
¼ 1

aρ
ln

�
aU0 þ b
aU0=ξþ b

�
: ð3Þ

The air density ρ is approximately [34]

ρðzÞ ¼ 1.208 × 10−3 expðz=8.4Þ g=cm3; ð4Þ
where z is the altitude in km.
In our picture, developed to visualize the results from the

full-scale Monte Carlo simulations, the energy-loss time
plays a central role, since it is the amount of time over
which we will follow the particles after they are created at
the shower front. In our picture, this thus plays the role of a
lifetime of the electrons after which they are assumed to
have disappeared and may have reappeared as a lower-
energy electron or have been absorbed by an air molecule.
In this energy-loss time, τðUÞ, thus, several more compli-
cating effects have been combined, such as the following:
(1) In reality, electrons of energy U are created by more

energetic particles. They are already trailing some

T. N. G. TRINH et al. PHYSICAL REVIEW D 93, 023003 (2016)

023003-6



distance behind the front. This additional distance is
absorbed in the definition of τðUÞ.

(2) Once an electron is created at a certain energy, we do
not take its energy loss into account in calculating
the properties of the shower front. Such a formu-
lation can only be applied within a limited range of
lost energy.

We will take both effects into account by making an
appropriate choice for the parameter ξ. One consequence
of the parametrization, which can be tested directly with
simulations, is that the median distance from the shower
front of electrons [see Eq. (13)] does not depend on the
primary energy of showers. As shown in Fig. 7, this is
obeyed rather accurately, and furthermore, the energy-
dependence of the median distance behind the shower
front, calculated using the approach discussed in the
following section, can be fitted reasonably well by taking
ξ ¼ e. We thus define

τðUÞ ¼ L
ρ
¼ 1

aρ
ln

�
aU0 þ b
aU0=eþ b

�
: ð5Þ

B. Trailing distance

As written before, we assume that the electrons are
generated at the shower front and from there drift to larger
distances. Assuming the electrons disappear from the
process after a time τ, the electrons are generated at the
shower front at a rate

dPðUÞ
dt

¼ P0ðUÞ 1
τ
; ð6Þ

where P0ðUÞ is the energy distribution at the shower
maximum, as for example given by [35]

P0ðUÞ ¼ dN
dðln U

1 MeVÞ
¼ U0U

ðU þ U1ÞðU þ U2Þ
; ð7Þ

where U0; U1; U2 are parameters that are determined from
a Monte Carlo simulation. The creation rate, Eq. (6), has
been chosen such that the energy distribution in the shower
pancake agrees with the observations

PðUÞ ¼
Z

τ

0

dPðUÞ
dt

dt ¼ P0ðUÞ: ð8Þ

The parameters in Eq. (7) are chosen to reproduce the
electron spectrum from the simulation at 1015 eV, giving
U0 ¼ 106 MeV, U1 ¼ 4.11 MeV, and U2 ¼ 105 MeV.
To obtain an estimate of the distance the electrons trail

behind the shower front, we calculate the difference in
forward velocity of the front and the electrons. The air-
shower front moves with the speed of light, while the
electrons (mass m0, energy U, random transverse

momentum P⊥ and longitudinal momentum P∥) travel
with a longitudinal velocity v∥ which is less than c,
given by

v∥ ¼
P∥

U
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2 −m2

0 − P2⊥
p

U
≈ 1 −

m2
0 þ P2⊥
2U2

; ð9Þ

where ðm2
0 þ ðP⊥Þ2Þ=U2 is assumed to be much smaller

than 1. After a time t, due to the velocity difference between
the shower front and the electrons, the electrons are trailing
behind the shower front by a distance

l ¼
Z

t

0

ðc − v∥Þdt: ð10Þ

Using the assumption that the energy of the electrons does
not change significantly during the energy-loss time, and
taking in addition P⊥ to be time independent, one obtains

l ¼ 1

2

ðm2
0 þ P2⊥Þ
U2

t; ð11Þ

Based on the results of CORSIKA simulations we can
introduce an effective mass of the electrons that includes
the stochastic component of the transverse momentum,
which is parameterized as

m2⊥ ¼ hm2
0 þ P2⊥i ¼ m2

0½1þ 10ðU=m0Þ2=3�: ð12Þ

The median distance by which an electron can trail behind
the shower front within its energy-loss time τ, D, can now
be written as

D ¼ lðτ=2Þ ¼ m2⊥τ
4U2

ð13Þ

and is shown in Fig. 7.
In the Monte Carlo simulation results shown in Fig. 7 as

well as those discussed in the following sections, the
trailing distances are calculated with respect to a flat
shower front, thus ignoring the fact that in reality the
shower front is curved. It has been checked that the
corrections due to this curvature effect for distances up
to 100 m from the shower core do not exceed 30 cm and
thus can be ignored. In addition, electrons at very low
energies do not contribute significantly to radio emission.
Therefore, we have limited the analysis to the electrons
having energies larger than 3 MeV and a distance to the
shower core of less than 100 m.

C. Influence of E∥

When a parallel electric field E∥ is applied to accelerate
electrons downward, the CORSIKA results show a strong
increase in the number of electrons (see Fig. 8) as well as in
the trailing distance behind the shower front (see Fig. 9). To
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understand these trends in our simple picture, we first
investigate the effect of the applied electric field on the
energy-loss time.
When a parallel electric field E∥ is applied to accelerate

electrons downward, the electrons gain energy from the
electric field. Therefore, the energy-loss equation for the
electrons is modified to

−
dU
dX

¼ aU þ b − FE=ρ; ð14Þ

where FE ¼ eE. Since the field strengths we will
consider are below the break-even value EbeðzÞ ¼ 1.67 ×
106ρðzÞ V=cm [34], the electrons always lose energy, and

the rhs of Eq. (14) is always positive. Stated more
explicitly, we are not modeling the runaway breakdown
process, and we have therefore limited the electric field to
strengths below the breakdown value of 100 kV=m at an
altitude of 5.7 km.
The energy-loss time of the electrons inside the electric

field is now modified to

τE ¼ LE

ρ
¼ 1

aρ
ln

�
aU0 þ b − FE=ρ
aU0=eþ b − FE=ρ

�
: ð15Þ

Fig. 10 shows that the energy-loss time of low-energy
electrons is larger in the presence of the electric field than in
the absence of it. Inside the electric field, the low-energy
electrons gain energy from the field; it thus takes longer for

FIG. 7. The median distance from the shower front of electrons
for vertical 1015 eV, 1016 eV and 1017 eV showers in the absence
of electric fields. The simple prediction based on Eqs. (5) and (13)
is also shown.

FIG. 8. The number of electrons is shown as a function of their
energy for electric fields E ¼ 0, E∥ ¼ 50 kV=m, and E∥ ¼
100 kV=m as obtained from the analytical calculations (solid
and dashed curves) and from full CORSIKA simulations (markers)
at X ¼ 500 g=cm2.

FIG. 9. The distance by which the electrons travel in the
absence and in the presence of the parallel electric fields from
analytical calculations (solid and dashed curves) and from
CORSIKA simulations (markers).

FIG. 10. The energy-loss time of electrons at X ¼ 500 g=cm2

(at Xmax) in the absence and in the presence of parallel electric
fields.
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their energy to drop below the fraction 1=ξ of their original
energy, and thus, according to our definition, they live
longer. In the high-energy regime, the electrons also gain
energy from the electric field, but this gained energy is
small compared to their own energy. As a result, the
energy-loss time of high-energy electrons is almost
unchanged.
The generation rate of electrons at the shower front will

remain unchanged and is given by Eq. (6). The number of
electrons in the shower pancake changes from Eq. (8) to

PEðUÞ ¼
Z

τE

0

dPðUÞ
dt

dt ¼ P0ðUÞ τE
τ
: ð16Þ

Since in the low-energy regime τE > τ, there is an increase
in the number of low-energy electrons. In the high-energy
regime, on the other hand, where τE ≈ τ, the number of
electrons is almost unchanged. Figure 8 shows that this
simple calculation can reproduce the main features shown
in the CORSIKA simulations rather well, except for a small
disagreement at the low-energy region in the presence of
the electric field of 100 kV=m. The presently considered
field accelerates the electrons and thus decelerates the
positrons. As a consequence, the positron energy-loss time
decreases, resulting in a rather large decrease of the number
of low-energy positrons, while the number of high-energy
positrons stays almost constant.
When the electron is subject to an electric field, the

energy-loss time is given by Eq. (15) instead of by Eq. (5),
and as a result, the expression for the median trailing
distance, Eq. (13), changes to

DðE∥Þ ¼
m2⊥τE
4U2

; ð17Þ

where the mean transverse momentum is given by Eq. (12).
The effect of the electric field on the median trailing
distance is shown in Fig. 9. Due to the influence of the
electric field, the low-energy electrons trail much further
behind the shower front. The median trailing distance as
calculated from CORSIKA simulations is also displayed in
Fig. 9. It shows that our simplified picture correctly
explains the trends seen in the full Monte Carlo simulations
using the CORSIKA simulations. In the absence of an electric
field, the trailing distance sharply decreases with increasing
energy. When applying an electric field that accelerates the
electrons, the Monte Carlo simulations show a considerable
increase in the trailing distance behind the shower front.
From the present simple picture this can be understood to
be generated by the increased energy-loss time that gen-
erates a considerable trailing of electrons with energies
below 50 MeV.
The interesting aspect for radio emission is the number

of particles within a distance of typically half a wavelength
of the shower front. For the LOFAR LBA frequency range,

this corresponds to a distance of about 3 m. Using Eq. (11)
as well as Eq. (6), the distribution of the electrons over
distance l behind the shower front is given by

dPðUÞ
dl

¼ dPðUÞ
dt

dt
dl

¼ P0ðUÞ
τ

2U2

ðm2
0 þ P2⊥Þ

: ð18Þ

Therefore, the number of electrons within the distance Δ is

PΔðUÞ ¼
(
P0ðUÞ τEτ U > UΔ

P0ðUÞ U2τE
U2

Δτ
U ≤ UΔ

; ð19Þ

where the energy-loss time in the presence of an electric
field is given by Eq. (15) and

UΔ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

0 þ P2⊥ÞτE
2Δ

r
: ð20Þ

In the absence of an electric field we have, of course,
τE ¼ τ, given by Eq. (5).
It should be noted that the factor in Eq. (19),

U2τE
U2

Δτ
¼ 2U2Δ

ðm2
0 þ P2⊥Þτ

; ð21Þ

is independent of τE. At energies below UΔ (which itself
depends on the magnitude of the electric field), the number
of electrons within a certain trailing distance is independent
of the electric field. This feature is seen in the estimates of
Fig. 11(a) as well as in the full Monte Carlo simulations
of Fig. 11(b). At energies exceeding UΔ, the number of
electrons is proportional to τE and thus increases with the
strength of the electric field. This increase is, however, very
moderate compared to the increase of the number of
electrons at larger distance; see Fig. 11.
In the distance interval from 3 m to 10 m behind the

shower front, the number of electrons with an energy less
than 20 MeV is significantly enhanced. As a result, there is
a strong increase in coherent radiation at larger wave-
lengths, well below the frequency range of LOFAR LBA,
as is shown in Fig. 12.
We can thus conclude that an accelerating electric field

parallel to the shower axis increases the total number of
electrons. The enhancement in the number of electrons
occurs mainly at low energy, and thus their relative velocity
with respect to the shower front is larger than for the high-
energy electrons. As a consequence, they are trailing much
more than 3 m behind the shower front. Their radiation is
thus not added coherently in the LOFAR frequency range
but instead in the frequency below 10 MHz. Therefore, the
effects of parallel electric fields cannot be observed by
LOFAR operating in the frequency of 30–80 MHz. These
effects should be measurable at a lower frequency range.
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D. Influence of E⊥
One important result from the CORSIKA simulations,

shown in Fig. 13, is that the median trailing distance behind
the shower front increases rapidly with increasing trans-
verse force working on the electrons. In order to get some
more insight into the dynamics, we try to reproduce this in
our simplified picture.
When an electric field perpendicular to the shower axis is

applied, there is a transverse electric force acting on the
electrons and positrons. The transverse net force, which is
the vector sum of the transverse electric force and the
Lorentz force,

F⊥ ¼ qðE⊥ þ v ×BÞ; ð22Þ

causes the electrons and positrons to move in opposite
directions. Since the field is perpendicular to the main

component of the velocity, no appreciable amount of work
is done, and the electron energy is not really affected. Thus,
the energy-loss time of the electrons remains almost
unchanged. As a result, the perpendicular electric field
does not change the total number of electrons given by
Eq. (8), in complete accordance with the results of
Monte Carlo simulations.
The electrons are subjected to the transverse force F⊥,

giving rise to a change in transverse momentum

F⊥ ¼ dP⊥
dt

: ð23Þ

(a)

(b)

FIG. 11. The energy spectrum of electrons within a distance of
3 m (thin curves) and from 3 m to 10 m (thick curves) behind the
shower front for E ¼ 0, E∥ ¼ 50 kV=m and E∥ ¼ 100 kV=m at
the shower maximum from analytical calculations (a) and from
full CORSIKA simulations (b).

FIG. 12. The signal strength, as obtained from CoREAS
simulations, as a function of frequency for a vertical shower
of 1015 eV at 50 m from the core in the absence and in the
presence of parallel electric fields. The black vertical lines
represent the LOFAR LBA frequency window.

FIG. 13. The median distance by which the electrons trail
behind the shower front as a function of their energy in the
absence and in the presence of a perpendicular electric field as
obtained from CORSIKA simulations (markers) in comparison to
the model expectation (solid and dashed curves).
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The average initial transverse momentum in the direction of
the force vanishes. The mean transverse momentum is thus

P̄⊥ðtÞ ¼ F⊥t; ð24Þ

where t is the time lapse after creation. Due to the action of
the force, the electrons drift with a velocity

v̄⊥ðtÞ ¼
P̄⊥
U

¼ F⊥t
U

; ð25Þ

where U is the energy of the electrons. The random
component of the transverse momentum is taken into
account in the effective transverse mass as introduced in
Eq. (12). The parallel velocity is thus

v∥ðtÞ ¼
P∥

U
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2⊥ þ P̄2⊥ðtÞ
U2

s
≈ 1 −

1

2

m2⊥ þ P̄2⊥ðtÞ
U2

:

ð26Þ

The transverse velocity increases when the net force
increases; the longitudinal velocity reduces because the
total velocity cannot exceed the light velocity. Since
the transverse velocity is small, even in strong fields, the
electrons trailing within 3 m behind the shower front do not
drift more than 100 m sideways. The distance of 100 m we
had imposed in order to avoid corrections due to the curved
shower front. After a time t, the electrons are trailing behind
the shower front by a distance

lðtÞ ¼
Z

t

0

ðc − v∥Þdt ¼
Z

t

0

m2⊥ þ P̄2⊥ðtÞ
2U2

dt

¼ m2⊥t
2U2

þ F2⊥t3
6U2

: ð27Þ

The median distance by which an electron can trail behind
the shower front within its energy-loss time τ [see Eq. (5)]
is given by

DðE⊥Þ ¼ lðτ=2Þ ¼ τ

4U2

�
m2⊥ þ 1

12
F2⊥τ2

�
: ð28Þ

This equation shows thatD quickly decreases with increas-
ing energy, as is seen in Fig. 13 as obtained from a CORSIKA

simulation. With increasing F⊥, the second term in Eq. (28)
increases quadratically, giving rise to a rapidly increasing
trailing distance as is also seen in the simulation. The
median distance of low-energy electrons in the presence of
the net force of 100 keV=m given by the simulations is
larger than the simple prediction, because the electron
density is small at this energy range, and as a sequence
there is a fluctuation in the median distance.
Essential for radio emission in the LOFAR LBA fre-

quency band is the total number of the electrons within 3 m

behind the shower front. The results of the CORSIKA

simulation are displayed in Fig. 14. This shows that this
number reduces as the transverse net force increases
and that this decrease is strongest at those energies where
the number of particles is maximal. In our simple picture,
the number of electrons within the distance Δ can be
calculated by

PΔðUÞ ¼
Z

tΔ≤τ

0

P0ðUÞ
τ

dt ¼
�
P0ðUÞ tΔ > τ

P0ðUÞ tΔτ tΔ ≤ τ
; ð29Þ

where tΔ is the root of Eq. (28) for d ¼ Δ ¼ 3 m. Note that
the equation gives one real root and two complex roots,
where the real root is taken since tΔ is a physical quantity.
Equation (29) can be simplified by introducing τmΔ ¼
minðtΔ; τÞ to PΔðUÞ ¼ P0ðUÞτmΔ=τ. In Fig. 14, the results
from Eq. (29) as well as the results from the simulations are
shown for different strengths of electric fields. The number
of low-energy electrons reduces in strong fields because of
the increase in trailing behind, while the number of higher-
energy electrons is stable because they are still close to
the front.
An important factor for the current is the drift velocity of

the electrons. The results from the CORSIKA simulations are
shown in Fig. 15. The drift velocity increases with the
strength of the net-transverse force and the distance behind
the shower front. Within our simple picture, the mean drift
velocity of electrons lagging within a distance Δ behind the
shower front of the electrons is

vΔ⊥ðUÞ ¼ 1

tmΔ

Z
tmΔ

0

v⊥dt ¼
F⊥τmΔ
2U

; ð30Þ

FIG. 14. The number of electrons as a function of their energy
that are within 3 m behind the shower front with and without
perpendicular electric fields at X ¼ 500 g=cm2 as calculated
from Eq. (29) (solid and dashed curves) and from the full
CORSIKA simulations (markers).
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where v⊥ is given by Eq. (25). From Eq. (30) it follows that
the drift velocity increases with distance to the shower
front, as also seen in the Monte Carlo simulations. The
main energy region that matters here is that between

50 MeV and 1000 MeV, since the particle density in this
energy range is largest. Outside of this energy range, the
scatter of the simulation results is large, since the electron
density is small and one suffers from poor statistics.

(a) (b)

(c) (d)

(e) (f)

FIG. 15. Thedrift velocity in theunit of the speedof light atXmax of theelectrons laggingwithinadistanceΔ ¼ 1 m(a,b),Δ ¼ 3 m(c,d) and
Δ ¼ 10 m(e, f) behind the shower front for small (F⊥ ¼ 5 keV=m, (a, c, e)) and large (F⊥ ¼ 100 keV=m, (b, d, f)) transverse net forces from
analytical estimates (blue curves) and from CORSIKA simulations results (markers). The colors of the dots represent the number of electrons.
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Combining Eq. (30) with the expression for the particle
density, one obtains the induced current carried by the
particles within a distance Δ behind the shower front

jΔ⊥ðUÞ ¼ e
P0ðUÞ

τ

Z
tmΔ

0

v⊥dt ¼
eP0ðUÞF⊥ðτmΔÞ2

2τU
: ð31Þ

Figure 16 displays the total number of electrons within
3 m behind the shower front and their mean drift velocity as
a function of the net-transverse forces. From the simple
picture it is understood that in the presence of a
perpendicular electric field, the drift velocity of the elec-
trons increases. However, they are lagging further behind
the shower front. Therefore, the number of electrons within
3 m behind the shower front reduces, as shown in the left
panel of Fig. 16. The number in the simple picture is
overestimated, and the number does not drop as fast with
increasing electric field as follows from the Monte Carlo
calculation, but the trends match.
The simulation shows that the mean drift velocity

increases with the net-transverse force (right panel of
Fig. 16); however, there is a change of slope at about
50 keV=m. In the simple picture, this change of slope is
due to the fact that the distance behind the front increases
quadratically while the drift increases only linearly with
increasing transverse force. As a consequence, the induced
electric current, which is the product of the number of
electrons and their drift velocity, saturates at 50 keV=m and
thus so does the pulse amplitude, since it is proportional to
the current.
Since, as just argued, for a large transverse force there is

an increased drift velocity at larger distances behind the
front, one should thus expect an increased emission at
longer wavelengths, well below the wavelength measured
at LOFAR LBA. The effects of electric fields larger than
50 kV=m can be observed at lower frequency ranges, as
shown in Fig. 17.

E. Effects of electric fields in the low-frequency domain

As has been concluded in the previous two sections, the
power as can be measured in the LOFAR frequency
window of 30–80 MHz is strongly determined by the
strength of the transverse electric field up to values of about
50 kV=m. In addition, parallel electric fields have small
effects on the power in the frequency window 30–80 MHz.
It was shown that at lower frequencies, the power keeps
growing with increasing field strength up to at least
100 kV=m. In this section we investigate the usefulness
of the 2–9 MHz window in more detail. This frequency
window is of particular interest for several reasons: i) it lies
just below a commercial frequency band, ii) the ionosphere
shields the Galactic background, and iii) the frequency is
high enough to observe a considerable pulse power.
Figure 18 shows that while parallel electric fields have

only a minor effect on the emitted power in the frequency

FIG. 16. The number of electrons within 3 m behind the shower front (left panel) and their mean drift velocity (right panel) as a
function of transverse net forces from analytical calculations and from CORSIKA simulations.

FIG. 17. The same as displayed in Fig. 12 for different strengths
of the net-transverse force.
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range from 30 MHz to 80 MHz, they have much larger
effects on the power in the low-frequency windows of
2–9 MHz. Here an increase of the peak power with the
strength of E∥ is observed. Inside a strong parallel electric
field, since the number of low-energy electrons increases
and the number of low-energy positrons reduces, the
charge-excess component becomes comparable to the
transverse-current component. As a result of the

interference, the intensity at the highest electric field has
not only a strong maximum, but also a clear (local)
minimum at 250 m from the shower core in the opposite
direction, as seen in the bottom panel of Fig. 18. Since these
low-energy particles trail far behind the shower front, the
change in the intensity pattern is not observed in the
LOFAR-LBA frequency range.
Figure 19 displays that in the low-frequency window

2–9 MHz, the maximum intensity increases with the net
force to a very similar extent as in the frequency window
30–80 MHz. The intensity footprint for the net force of
100 keV=m is more symmetric than the one for 50 keV=m
because the electrons trail further behind the shower
front in a strong transverse electric field, and thus the
charge-excess contribution becomes smaller. The effects in
the two frequency windows, 2–9 MHz and 30–80 MHz, are
very similar, although somewhat more pronounced at the
lower frequencies. To have more leverage on the strength of
the perpendicular component of the electric field, one
would need to go to even lower frequencies, as is apparent
from Fig. 17, which may be unrealistic for actual
measurements.

FIG. 18. Intensity footprints of 1015 eV vertical showers for the
2–9 MHz band for the cases of no electric field (top),
E∥¼ 50 kV=m (middle), and E∥¼ 100 kV=m (bottom).

FIG. 19. Intensity footprints of 1015 eV vertical showers for the
2–9 MHz band for the cases of F⊥¼ 50 keV=m (top) and
F⊥¼ 100 keV=m (bottom).
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The effects of parallel electric fields and large transverse
electric fields are measurable at low frequencies from
2 MHz to 9 MHz. Since the intensity footprints become
wider in the low-frequency domain (see Figs. 18 and 19),
measuring signals in this range requires a less dense
antenna array than in the LBA frequency domain.

F. Adapting distance of the effects of E-fields

One interesting aspect to study is the intrinsic distance
along the track of the shower over which the electric fields
are averaged using radio emission from air showers as a
probe. It was also shown in Ref. [31] that the number of
positrons adapts quickly to the expected number when the
electric field is switched on. To study this in more detail, we
have changed the magnitude of the electric field at a certain
height and determined the number of particles as a function
of height in a CORSIKA calculation. The result is shown in
Fig. 20, where the particle number is plotted as a function
of slant depth in step sizes of 20 g=cm2 for vertical
showers. One remarkable feature one observes is that the
particle number in the shower approaches a new equilib-
rium value which is apparently independent of the shower
history. The distance over which this readjusting happens,
the adapting distance, varies with height. It equals about
20 g=cm2 at the height of 2 km and increases with the
altitude to 80 g=cm2 at 9 km. Within our simple picture, we
expect this to vary as

Xa ¼ ρcτ; ð32Þ
where an appropriate averaging over particle energies
should be performed. At large heights, where the shower
is still young and dominated by high-energy particles, we

expect on the basis of the energy-loss times (see Fig. 7) a
longer distance of the order of X0 shortening near the
shower maximum where lower energetic electrons domi-
nate. Near the ground at LOFAR, the atmospheric electric
fields are small [36] and thus do not affect the number of
particles in the air showers at ground level. Therefore, the
scintillators on the ground are not influenced by the
atmospheric electric fields in clouds. This is supported
by Ref. [37] (Figure 7), where it is shown (in mountaintop
observations) that an enhanced rate of particles is only
correlated to strong fields (fields in excess of 30 kV=m) at
the height of the particle detectors.

IV. CONCLUSION

We have studied in detail the effects of atmospheric
electric fields on the structure of extensive air showers. In
particular we have focused on the distribution of the
particles in the shower disk. The effects depend on the
orientation of the field with respect to the plane of the disk.
This is because in earlier work we observed that atmos-
pheric electric fields strongly influence the radio emission
from extensive air showers. The simulations showed that
the intensity of the radiation is almost independent of the
strength of the electric field parallel to the shower direction.
We also observed a peculiar dependence of the intensity on
the strength of the field perpendicular to the shower. This
picture is supported by air-shower Monte Carlo simulations
using the CORSIKA code.
In order to understand these dependencies, we have

performed Monte Carlo simulations of the dynamics of the
electrons using the CORSIKA code. To understand the power
as has been observed at LOFAR, the number of particles
and their drift velocities in a layer of about 3 meters (half
the wavelength) behind the shower front is critical. The
Monte Carlo simulations indicate a nontrivial dependence
on the strength of the applied electric field.
To gain some more insight, we have developed a simple

picture where electrons are created at the shower front,
move under the dynamics of the applied electric field, and
disappear from the calculation after their energy loss
exceeds a certain value. Under the influence of an accel-
erating electric field, the energy-loss time of electrons
increases, which increases their numbers. However, at
longer times after they have been created, they will be at
increasingly large distances behind the shower front and
have moved outside the coherence region. The effect of an
electric field perpendicular to the shower direction is more
difficult to visualize, since there are two counteracting
effects to consider. A perpendicular field will accelerate
electrons in the transverse direction and thus have the effect
of increasing the current, though the total number of
electrons hardly increases. Since particles move relativis-
tically, an increased transverse velocity will result in
a decrease of the longitudinal velocity, since the total
velocity cannot exceed the light velocity. As a result—for

FIG. 20. The number of electrons with kinetic energy larger
than 401 keV as a function of atmospheric depth for 1015 eV
vertical showers, for electric fields as indicated at several
altitudes. The depth of 0 means very high up in the atmosphere,
and the ground level is at the depth of 1036 g= cm2.
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sufficiently large strengths of the transverse electric field—
they will trail further than the coherence length behind the
shower front and thus not contribute to radio emission at the
observed frequencies. The balance between these two
effects results in an initial increase of the emitted intensity
proportional to the applied field followed by a regime
where the intensity is roughly constant when the field
exceeds a critical value of around 50 kV=m at the altitude
of 5.7 km.
In order to increase the sensitivity of the measurements

to atmospheric electric fields, it is shown that the deploy-
ment of antennas operating in the frequency window
2–9 MHz would be beneficial. This frequency interval is
not subject to the Galactic background, because the iono-
sphere is not transparent at this frequency range. The
precision of the electric field determination could also be
increased by reducing the energy threshold of the meas-
urement by decreasing the trigger threshold, since this
allows us to observe more air showers and thus improve the
sampling. Such a study would not only deepen our under-
standing of the influence of atmospheric electric fields on
air showers and their radio emission; it would also provide
a powerful tool to study the electric fields in thunderclouds.
The latter would be important to resolve the issue of
lightning initiation [38–40].
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APPENDIX: CORSIKA

In the CORSIKA simulations, we use the high-energy
hadronic interaction model QGSJET-II [41], and for the
low-energy interactions we use FLUKA [42]. Atmospheric
electric fields are implemented by turning on the EFIELD
[31] option in CORSIKA. The geomagnetic field put into the
simulations is the geomagnetic field at LOFAR. The
“thinning” option with optimized weight limitation [43]
is also used with a factor of 10−6 to keep the computing
times at a reasonable level. We have simulated four kinds of
iron showers: vertical showers of 1015 eV, 1016 eV, and
1017 eV and inclined showers of 1016 eV with a zenith
angle of 30 degrees. Of particular relevance for radio
emission is Xmax, which is also subject to shower-to-shower
fluctuations. To limit this effect, simulations are selected
where Xmax differs by not more than 30 g=cm2.
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