
Station météo
• Surveillance de la température, de la pression atmosphérique et du taux 

d’hygrométrie au niveau du toit du conteneur CODALEMA
• Acquisition des données pilotée (Labview) par le PC d’acquisition des 

données scintillateurs (CodaDaqSC)
• Graphes évolutifs sur la page web de monitoring de CODALEMA

Comment la mettre à 
contribution dans 
LICORNE ? Que 
peut-elle apporter ?

Elle a tendance à se 
“planter” ! ici, elle 
était en panne…







Antenne “Tripole”

Axes EW, NWSE, SWNE

Trièdre [X,Y,Z] avec:
rotation de 45° autour du 
centre de la noix
rotation de 45° autour de l’axe 
EW
rotation de chaque brin de 45°

Amplis LONAMOS “classiques” 
20 - 200 MHz

Numérisation 1 GS/s sur 2.56 µs

Signaux ± 500 mV

Acquisition déclenchée par chaque 
trigger “scintillateurs”, soit environ 
toutes les 2 minutes (de l’ordre de 
800 à 900 événements par jour)
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Antenne “Tripole”
• Seule antenne permettant de mesurer les 3 composantes du champ 

électrique en une seule fois
Procédure de déconvolution encore à écrire pour retrouver ETotal

• Avec le réseau compact, seule antenne [20-200 MHz] dont l’acquisition est 
déclenchée à chaque événement scintillateurs, donc “rayon cosmique”

• Objectifs : vérifier (ou pas) l’hypothèse “champ lointain”. Cette hypothèse 
que la source du champ électrique mesuré dans les gerbes est lointaine 
(vs longueur d’onde) entraîne qu’il n’y a pas de composante longitudinale 
au champ électrique (le long de l’axe de la gerbe). Si elle est vraie, la 
connaissance de ENS et EEW suffit pour retrouver EVertical. Dans le cas 
contraire, le champ total mesuré par l’antenne 3D ne sera pas égal au 
champ reconstruit par une antenne “plane”.

Comment la mettre à contribution dans LICORNE ? Que peut-elle apporter ?



Antenne “Tripole”



Antenne “Tripole”

Réplication d’une raie tous les 50 MHz due 
à la carte Matacq de numérisation (artefact)



Antenne “Tripole”
• Données en base, présentes dans chaque fichier d’événement 

scintillateurs, au format texte (colonnes 58, 60 et 64 du fichier)

function [time,yellow,white,green]=read3Dfile(fileName);
 
% read3Dfile - Syntax: [timeBin,yellow,white,green]=read3Dfile(fileName);
%
% Reads the text files of the 3 polarisations of the 3D antenna. Returns
% the time vector for the 3 polarisations (time), and the yellow, white and
% green polarisation respectively. An automatic detection of the voltage
% unit (either mV or V) is made, so as the results are in volts.
 
% Last update: 23/02/2015 - R. Dallier
 
fid=fopen(fileName);
C=textscan(fid,'%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f');
fclose(fid);
time=C{57}*1e-9;  % The column containing the time bin for the first antenna pole recorded (s)
yellow=((max(C{58})>1)*1e-3+(max(C{58})<1))*C{58};
white=((max(C{60})>1)*1e-3+(max(C{60})<1))*C{60};
green=((max(C{64})>1)*1e-3+(max(C{64})<1))*C{64};
clear('C');
 
% End of read3Dfile.m
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Antennes “BF”

• Actuellement 2 antennes basses fréquences installées, environ 300 m à 
l’ouest (BFO et à l’est (BFE) du scintillateur central SC05

• Installation de 5 autres antennes prévue en 2016
• Etudes et simulations NEC4 montrent que la hauteur optimale (minimale) 

est de l’ordre de 9 m (aussi dans les limites de l’accessible)
• Acquisitions déclenchées par le trigger scintillateur, soit environ toutes les 

2 minutes (de l’ordre de 800 à 900 événements par jour)
• Objectifs : détecter (ou pas) le signal de “mort subite” des gerbes, prévu 

pour être visible < 10 MHz. Ne pas exclure la détection de la contrepartie 
basse fréquence du signal “normal”, d’origine géomagnétique
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The	“classical”	signal	(here	ver1cal	polariza1on,	full	band)

ground

CODALEMA,	LOPES,	LOFAR,	AERA…

EXTASIS:	the	low-frequency	components

SELFAS	
simula1on

R.	Dallier	-	ICRC2015



15ground

Low	frequency	(<	10	MHz),	
“sudden	death”	signal

EXTASIS:	the	low-frequency	components

And	the	expected	“new	one”	(s1ll	ver1cal	polariza1on,	full	band)

SELFAS	
simula1on

R.	Dallier	-	ICRC2015
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15

shape independent on dcore!
signal below 20 MHz

Sudden death: PSD

ground

strong dependence to daxis

• Absolute	1ming	

• Shower	core	
posi1on	

• Larger	detec1on	
range

B.	Revenu,	ICRC	2013
R.	Dallier	-	ICRC2015

Exp.	decrease

Lin.	decrease



Antennes “BF”

• Actuellement 2 antennes basses fréquences installées, environ 300 m à 
l’ouest (BFO et à l’est (BFE) du scintillateur central SC05

• Installation de 5 autres antennes prévue en 2016
• Etudes et simulations NEC4 montrent que la hauteur optimale (minimale) 

est de l’ordre de 9 m (aussi dans les limites de l’accessible)
• Acquisitions déclenchées par le trigger scintillateur, soit environ toutes les 

2 minutes (de l’ordre de 800 à 900 événements par jour)
• Objectifs : détecter (ou pas) le signal de “mort subite” des gerbes, prévu 

pour être visible < 10 MHz. Ne pas exclure la détection de la contrepartie 
basse fréquence du signal “normal”, d’origine géomagnétique

Comment les mettre à contribution dans LICORNE ? 
Que peuvent-elles apporter ?
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Antennes “BF”
Butterfly “classique”
Axes NS et vertical
Amplis LONAMOS 
modifiés 1-10 MHz

Numérisation 17.86 MS/s sur 1 ms

Dynamique signaux variable 
(acquisition “Picoscope”, calibre 
adapté au bruit toutes les heures)

Acquisition déclenchée par chaque 
trigger “scintillateurs”, soit environ 
toutes les 2 minutes (de l’ordre de 
800 à 900 événements par jour)



Antennes “BF”variation jour/nuit

Figure 1:



Antennes “BF”variation jour/nuit

Figure 2:



• Données en fichiers CSV, présentes avec chaque fichier d’événement 
scintillateurs

Antennes “BF”

function [t,bfV,bfH]=readBFdata(fileName);
% readBFdata
% Reads the data of any LF antenna (BF in french) recorded on .csv format
% by the PicoTop DAQ. We assume that the vertical polarization is on
% channel A (1) of the PicoScope, the horizontal one on channel B (2).
% t contains the time in microseconds
% bfV and bfH contain the voltage of both A and B channels, directly
% converted in volts regardless the real contents of the .csv file header
% which may state "mv" of "V".
% 
% Remark: a typical file begins as
% Time  Channel A   Channel B
% (us)  (mV)    (mV)
% -500.08000107 8.26771600  -0.39370070
% -500.02400108 5.90551100  0.00000000
% ...
% and the values are comma-separated.
   
calV=1;calH=1;
fid=fopen(fileName);
header=textscan(fid,'%s %s %s',2,'delimiter',',');
unitA=cell2mat(header{2}(2));
unitB=cell2mat(header{3}(2));
if unitA(2)=='m', calV=1e-3; end;
if unitB(2)=='m', calH=1e-3; end;
data=textscan(fid,'%f %f %f','delimiter',',','TreatAsEmpty',{'Infinity','-Infinity'});
t=data{1};
bfV=calV*data{2};
bfH=calH*data{3};
fclose(fid);



Antennes “BF”



Antennes “BF” 3

𝒉𝑼 

𝒉𝑳 

𝒉 

E 0 

𝑬𝑼 = 𝒌𝑬𝑳 

FIG. 1: A schematic structure of a thundercloud is
given where charge is accumulated at the bottom and
the top layer. The structure of the induced electric field

is given schematically on the right hand side.

middle layer of up to 100 kV/m which is below the run-
away breakdown limit of 284 kV/m at sea level [30, 31]
and of 110 kV/m at 8 km. Balloon observations show
that the electric fields vary with altitude [32]. The elec-
tric fields used in the simulations are homogeneous within
each layer and should be considered some average field.
In Section III F we argue that due to intrinsic inertia
in the shower development the field e↵ects are necessar-
ily averaged over distances of the order of 0.5 km. The
change of orientation of the electric field at the height
h
L

introduces a destructive interference between the ra-
dio emission of air showers in the two layers, generating a
ring-like structure in the radio footprint. Electric fields in
thunderstorm conditions can be more complicated than
the simple structure assumed here which will reflect in
more intricate radio-footprints (see Ref. [23] for an ex-
ample). These more complicated configurations will be
the subject of a forth coming article. It should be noted
the conclusions we reach are independent of the detailed
structure of the field configuration.

A. Parallel electric field

To study the e↵ects of a parallel electric field, the
strength of the field in the middle layer is taken in the di-
rection of the shower and is varied from 0 to 100 kV/m in
steps of 10 kV/m. The middle-layer field points upward
along the shower axis and accelerates electrons down-
ward. The field in the lower layer is set at k = 0.3 times
the value in the middle layer, pointing in opposite direc-
tion. For simplicity we consider vertical showers. As can
be seen from Fig. 2 the number of leptons at the shower
maximum increases with increasing electric field while
the pulse amplitude (defined as the square root of the

FIG. 2: The number of leptons at the shower maximum
(blue left axis), the number of electrons at the shower

maximum (yellow left axis) and the maximum
pulse-amplitude (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 10.

power in the radio pulse) remains almost constant. The
number of electrons also increases with increasing electric
field. Both features will be explained in Section III C.
The number of positrons, not shown here, lightly de-
creases. Since there are fewer positrons than electrons
the total number of leptons still increases. Thus, for
coherent emission, where the amplitude of the signal is
proportional to the number of leptons, one expects the
signal strength to increase proportional to the number of
leptons with the electric field. The simulation results in
Fig. 2 show clearly that, contrary to this expectation, the
pulse-amplitude is almost constant. The fluctuations in
the signal strength are due to shower-to-shower fluctua-
tions. The di↵erence in the pulse power (after scaling)
between the 1015 eV shower and the 1016 eV shower ap-
pears due to slight di↵erence in X

max

.
As explained in Section III C the observed limited de-

pendence 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 co-
herent emission at the observed frequencies. The trailing
behind the shower front of the low-energy electrons was
also shown in Ref. [28], but for the breakdown region.
Not only the strength of the signal, but also the struc-

ture of the radio footprints for the LOFAR LBA fre-
quency range, as shown in Fig. 3, does not really depend
on the strength of the parallel electric field. Further-
more, the bean shape, typically observed in air showers in
fair-weather condition, is also present in these footprints
because the parallel electric fields have small e↵ects on
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FIG. 1: A schematic structure of a thundercloud is
given where charge is accumulated at the bottom and
the top layer. The structure of the induced electric field

is given schematically on the right hand side.

middle layer of up to 100 kV/m which is below the run-
away breakdown limit of 284 kV/m at sea level [30, 31]
and of 110 kV/m at 8 km. Balloon observations show
that the electric fields vary with altitude [32]. The elec-
tric fields used in the simulations are homogeneous within
each layer and should be considered some average field.
In Section III F we argue that due to intrinsic inertia
in the shower development the field e↵ects are necessar-
ily averaged over distances of the order of 0.5 km. The
change of orientation of the electric field at the height
h
L

introduces a destructive interference between the ra-
dio emission of air showers in the two layers, generating a
ring-like structure in the radio footprint. Electric fields in
thunderstorm conditions can be more complicated than
the simple structure assumed here which will reflect in
more intricate radio-footprints (see Ref. [23] for an ex-
ample). These more complicated configurations will be
the subject of a forth coming article. It should be noted
the conclusions we reach are independent of the detailed
structure of the field configuration.

A. Parallel electric field

To study the e↵ects of a parallel electric field, the
strength of the field in the middle layer is taken in the di-
rection of the shower and is varied from 0 to 100 kV/m in
steps of 10 kV/m. The middle-layer field points upward
along the shower axis and accelerates electrons down-
ward. The field in the lower layer is set at k = 0.3 times
the value in the middle layer, pointing in opposite direc-
tion. For simplicity we consider vertical showers. As can
be seen from Fig. 2 the number of leptons at the shower
maximum increases with increasing electric field while
the pulse amplitude (defined as the square root of the

FIG. 2: The number of leptons at the shower maximum
(blue left axis), the number of electrons at the shower

maximum (yellow left axis) and the maximum
pulse-amplitude (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 10.

power in the radio pulse) remains almost constant. The
number of electrons also increases with increasing electric
field. Both features will be explained in Section III C.
The number of positrons, not shown here, lightly de-
creases. Since there are fewer positrons than electrons
the total number of leptons still increases. Thus, for
coherent emission, where the amplitude of the signal is
proportional to the number of leptons, one expects the
signal strength to increase proportional to the number of
leptons with the electric field. The simulation results in
Fig. 2 show clearly that, contrary to this expectation, the
pulse-amplitude is almost constant. The fluctuations in
the signal strength are due to shower-to-shower fluctua-
tions. The di↵erence in the pulse power (after scaling)
between the 1015 eV shower and the 1016 eV shower ap-
pears due to slight di↵erence in X

max

.
As explained in Section III C the observed limited de-

pendence 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 co-
herent emission at the observed frequencies. The trailing
behind the shower front of the low-energy electrons was
also shown in Ref. [28], but for the breakdown region.
Not only the strength of the signal, but also the struc-

ture of the radio footprints for the LOFAR LBA fre-
quency range, as shown in Fig. 3, does not really depend
on the strength of the parallel electric field. Further-
more, the bean shape, typically observed in air showers in
fair-weather condition, is also present in these footprints
because the parallel electric fields have small e↵ects on
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FIG. 3: Intensity footprints of 1015 eV vertical showers
for the 30 - 80 MHz band for the case of no electric field
(top), Ek = 50 kV/m (middle), and Ek = 100 kV/m

(bottom).

both the transverse-current and the charge-excess com-
ponents.

B. Transverse electric field

To investigate the e↵ect of a transverse electric field we
will take a simple geometry with a vertical shower and
horizontally oriented electric fields. This does give rise to
the situation where at height h

L

the horizontal compo-
nent 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 hori-
zontal charge layer. At the charge layer the direction of
the electric field changes, i.e. the components transverse
as well as longitudinal to the shower direction. Here we
concentrate on the transverse component.
The transverse electric field does not change the num-

ber of electrons, but instead increases the magnitude and
changes the direction of the drift velocity of the elec-
trons. This is shown in Fig. 4 where the results of sim-
ulations 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
middle 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 middle layer. One ob-
serves that the number of electrons at the shower maxi-
mum stays rather constant while the transverse-drift ve-
locity of these electrons increases almost linearly with the
strength of the net force. The induced transverse current
thus increases linearly with the net force.

FIG. 4: The number of electrons (solid blue line, left
axis) and their drift velocity at X

max

(dashed black
line, right axis) of vertical 1015 eV showers as a function

of the net-transverse forces.

Due to a strong increase in the transverse current con-
tribution while the charge excess contribution remains

30-80 MHz
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FIG. 1: A schematic structure of a thundercloud is
given where charge is accumulated at the bottom and
the top layer. The structure of the induced electric field

is given schematically on the right hand side.

middle layer of up to 100 kV/m which is below the run-
away breakdown limit of 284 kV/m at sea level [30, 31]
and of 110 kV/m at 8 km. Balloon observations show
that the electric fields vary with altitude [32]. The elec-
tric fields used in the simulations are homogeneous within
each layer and should be considered some average field.
In Section III F we argue that due to intrinsic inertia
in the shower development the field e↵ects are necessar-
ily averaged over distances of the order of 0.5 km. The
change of orientation of the electric field at the height
h
L

introduces a destructive interference between the ra-
dio emission of air showers in the two layers, generating a
ring-like structure in the radio footprint. Electric fields in
thunderstorm conditions can be more complicated than
the simple structure assumed here which will reflect in
more intricate radio-footprints (see Ref. [23] for an ex-
ample). These more complicated configurations will be
the subject of a forth coming article. It should be noted
the conclusions we reach are independent of the detailed
structure of the field configuration.

A. Parallel electric field

To study the e↵ects of a parallel electric field, the
strength of the field in the middle layer is taken in the di-
rection of the shower and is varied from 0 to 100 kV/m in
steps of 10 kV/m. The middle-layer field points upward
along the shower axis and accelerates electrons down-
ward. The field in the lower layer is set at k = 0.3 times
the value in the middle layer, pointing in opposite direc-
tion. For simplicity we consider vertical showers. As can
be seen from Fig. 2 the number of leptons at the shower
maximum increases with increasing electric field while
the pulse amplitude (defined as the square root of the

FIG. 2: The number of leptons at the shower maximum
(blue left axis), the number of electrons at the shower

maximum (yellow left axis) and the maximum
pulse-amplitude (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 10.

power in the radio pulse) remains almost constant. The
number of electrons also increases with increasing electric
field. Both features will be explained in Section III C.
The number of positrons, not shown here, lightly de-
creases. Since there are fewer positrons than electrons
the total number of leptons still increases. Thus, for
coherent emission, where the amplitude of the signal is
proportional to the number of leptons, one expects the
signal strength to increase proportional to the number of
leptons with the electric field. The simulation results in
Fig. 2 show clearly that, contrary to this expectation, the
pulse-amplitude is almost constant. The fluctuations in
the signal strength are due to shower-to-shower fluctua-
tions. The di↵erence in the pulse power (after scaling)
between the 1015 eV shower and the 1016 eV shower ap-
pears due to slight di↵erence in X

max

.
As explained in Section III C the observed limited de-

pendence 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 co-
herent emission at the observed frequencies. The trailing
behind the shower front of the low-energy electrons was
also shown in Ref. [28], but for the breakdown region.
Not only the strength of the signal, but also the struc-

ture of the radio footprints for the LOFAR LBA fre-
quency range, as shown in Fig. 3, does not really depend
on the strength of the parallel electric field. Further-
more, the bean shape, typically observed in air showers in
fair-weather condition, is also present in these footprints
because the parallel electric fields have small e↵ects on
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FIG. 1: A schematic structure of a thundercloud is
given where charge is accumulated at the bottom and
the top layer. The structure of the induced electric field

is given schematically on the right hand side.

middle layer of up to 100 kV/m which is below the run-
away breakdown limit of 284 kV/m at sea level [30, 31]
and of 110 kV/m at 8 km. Balloon observations show
that the electric fields vary with altitude [32]. The elec-
tric fields used in the simulations are homogeneous within
each layer and should be considered some average field.
In Section III F we argue that due to intrinsic inertia
in the shower development the field e↵ects are necessar-
ily averaged over distances of the order of 0.5 km. The
change of orientation of the electric field at the height
h
L

introduces a destructive interference between the ra-
dio emission of air showers in the two layers, generating a
ring-like structure in the radio footprint. Electric fields in
thunderstorm conditions can be more complicated than
the simple structure assumed here which will reflect in
more intricate radio-footprints (see Ref. [23] for an ex-
ample). These more complicated configurations will be
the subject of a forth coming article. It should be noted
the conclusions we reach are independent of the detailed
structure of the field configuration.

A. Parallel electric field

To study the e↵ects of a parallel electric field, the
strength of the field in the middle layer is taken in the di-
rection of the shower and is varied from 0 to 100 kV/m in
steps of 10 kV/m. The middle-layer field points upward
along the shower axis and accelerates electrons down-
ward. The field in the lower layer is set at k = 0.3 times
the value in the middle layer, pointing in opposite direc-
tion. For simplicity we consider vertical showers. As can
be seen from Fig. 2 the number of leptons at the shower
maximum increases with increasing electric field while
the pulse amplitude (defined as the square root of the

FIG. 2: The number of leptons at the shower maximum
(blue left axis), the number of electrons at the shower

maximum (yellow left axis) and the maximum
pulse-amplitude (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 10.

power in the radio pulse) remains almost constant. The
number of electrons also increases with increasing electric
field. Both features will be explained in Section III C.
The number of positrons, not shown here, lightly de-
creases. Since there are fewer positrons than electrons
the total number of leptons still increases. Thus, for
coherent emission, where the amplitude of the signal is
proportional to the number of leptons, one expects the
signal strength to increase proportional to the number of
leptons with the electric field. The simulation results in
Fig. 2 show clearly that, contrary to this expectation, the
pulse-amplitude is almost constant. The fluctuations in
the signal strength are due to shower-to-shower fluctua-
tions. The di↵erence in the pulse power (after scaling)
between the 1015 eV shower and the 1016 eV shower ap-
pears due to slight di↵erence in X

max

.
As explained in Section III C the observed limited de-

pendence 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 co-
herent emission at the observed frequencies. The trailing
behind the shower front of the low-energy electrons was
also shown in Ref. [28], but for the breakdown region.
Not only the strength of the signal, but also the struc-

ture of the radio footprints for the LOFAR LBA fre-
quency range, as shown in Fig. 3, does not really depend
on the strength of the parallel electric field. Further-
more, the bean shape, typically observed in air showers in
fair-weather condition, is also present in these footprints
because the parallel electric fields have small e↵ects on
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FIG. 1: A schematic structure of a thundercloud is
given where charge is accumulated at the bottom and
the top layer. The structure of the induced electric field

is given schematically on the right hand side.

middle layer of up to 100 kV/m which is below the run-
away breakdown limit of 284 kV/m at sea level [30, 31]
and of 110 kV/m at 8 km. Balloon observations show
that the electric fields vary with altitude [32]. The elec-
tric fields used in the simulations are homogeneous within
each layer and should be considered some average field.
In Section III F we argue that due to intrinsic inertia
in the shower development the field e↵ects are necessar-
ily averaged over distances of the order of 0.5 km. The
change of orientation of the electric field at the height
h
L

introduces a destructive interference between the ra-
dio emission of air showers in the two layers, generating a
ring-like structure in the radio footprint. Electric fields in
thunderstorm conditions can be more complicated than
the simple structure assumed here which will reflect in
more intricate radio-footprints (see Ref. [23] for an ex-
ample). These more complicated configurations will be
the subject of a forth coming article. It should be noted
the conclusions we reach are independent of the detailed
structure of the field configuration.

A. Parallel electric field

To study the e↵ects of a parallel electric field, the
strength of the field in the middle layer is taken in the di-
rection of the shower and is varied from 0 to 100 kV/m in
steps of 10 kV/m. The middle-layer field points upward
along the shower axis and accelerates electrons down-
ward. The field in the lower layer is set at k = 0.3 times
the value in the middle layer, pointing in opposite direc-
tion. For simplicity we consider vertical showers. As can
be seen from Fig. 2 the number of leptons at the shower
maximum increases with increasing electric field while
the pulse amplitude (defined as the square root of the

FIG. 2: The number of leptons at the shower maximum
(blue left axis), the number of electrons at the shower

maximum (yellow left axis) and the maximum
pulse-amplitude (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 10.

power in the radio pulse) remains almost constant. The
number of electrons also increases with increasing electric
field. Both features will be explained in Section III C.
The number of positrons, not shown here, lightly de-
creases. Since there are fewer positrons than electrons
the total number of leptons still increases. Thus, for
coherent emission, where the amplitude of the signal is
proportional to the number of leptons, one expects the
signal strength to increase proportional to the number of
leptons with the electric field. The simulation results in
Fig. 2 show clearly that, contrary to this expectation, the
pulse-amplitude is almost constant. The fluctuations in
the signal strength are due to shower-to-shower fluctua-
tions. The di↵erence in the pulse power (after scaling)
between the 1015 eV shower and the 1016 eV shower ap-
pears due to slight di↵erence in X

max

.
As explained in Section III C the observed limited de-

pendence 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 co-
herent emission at the observed frequencies. The trailing
behind the shower front of the low-energy electrons was
also shown in Ref. [28], but for the breakdown region.
Not only the strength of the signal, but also the struc-

ture of the radio footprints for the LOFAR LBA fre-
quency range, as shown in Fig. 3, does not really depend
on the strength of the parallel electric field. Further-
more, the bean shape, typically observed in air showers in
fair-weather condition, is also present in these footprints
because the parallel electric fields have small e↵ects on
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FIG. 3: Intensity footprints of 1015 eV vertical showers
for the 30 - 80 MHz band for the case of no electric field
(top), Ek = 50 kV/m (middle), and Ek = 100 kV/m

(bottom).

both the transverse-current and the charge-excess com-
ponents.

B. Transverse electric field

To investigate the e↵ect of a transverse electric field we
will take a simple geometry with a vertical shower and
horizontally oriented electric fields. This does give rise to
the situation where at height h

L

the horizontal compo-
nent 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 hori-
zontal charge layer. At the charge layer the direction of
the electric field changes, i.e. the components transverse
as well as longitudinal to the shower direction. Here we
concentrate on the transverse component.
The transverse electric field does not change the num-

ber of electrons, but instead increases the magnitude and
changes the direction of the drift velocity of the elec-
trons. This is shown in Fig. 4 where the results of sim-
ulations 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
middle 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 middle layer. One ob-
serves that the number of electrons at the shower maxi-
mum stays rather constant while the transverse-drift ve-
locity of these electrons increases almost linearly with the
strength of the net force. The induced transverse current
thus increases linearly with the net force.

FIG. 4: The number of electrons (solid blue line, left
axis) and their drift velocity at X

max

(dashed black
line, right axis) of vertical 1015 eV showers as a function

of the net-transverse forces.

Due to a strong increase in the transverse current con-
tribution while the charge excess contribution remains
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FIG. 12: The square-root of the power in the pulse, as
obtained from CoREAS simulations, as 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 represents the

LOFAR LBA frequency window.

some more insight into the dynamics we try to reproduce
this in our simplified picture.

FIG. 13: The median distance by which the electrons
trail behind the shower front as function of their energy
in the absence and in the presence of a perpendicular
electric field as obtained from CORSIKA simulations
(markers) in compared to the model expectation (solid

and dashed curves).

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? = q (E? + v ⇥B) , (22)

causes the electrons and positrons to move in opposite di-
rections. Since the field is perpendicular to the main com-
ponent of the velocity, no appreciable amount of work is
done and the electron energy is not really a↵ected. Thus,
the energy-loss time of the electrons remains almost un-
changed. 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? =
dP?
dt

. (23)

The average initial transverse momentum in the direction
of the force vanishes. The mean transverse momentum
is thus

P̄?(t) = F? t , (24)

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

v̄?(t) =
P̄?
U

=
F? t

U
, (25)

where U is the energy of the electrons. The random com-
ponent of the transverse momentum is taken into account
in the e↵ective transverse mass as introduced in Eq. (12).
The parallel velocity is thus

vk(t) =
Pk

U
=

r
1�

m2

? + P̄ 2

?(t)

U2

⇡ 1� 1

2

m2

? + P̄ 2

?(t)

U2

.

(26)
The transverse velocity increases when the net force in-
creases, the longitudinal velocity reduces because the to-
tal velocity cannot exceed the light velocity. Since the
transverse velocity is small, even in strong fields, the elec-
trons 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

l(t) =

Z
t

0

�
c� vk

�
dt =

Z
t

0

m2

? + P̄ 2

?(t)

2U2

dt (27)

=
m2

? t

2U2

+
F 2

? t3

6U2

.

The median distance by which an electron can trail be-
hind the shower front within its energy-loss time ⌧ (see
Eq. (5)) is given by

D(E?) == l(⌧/2) =
⌧

4U2

✓
m2

? +
1

12
F 2

? ⌧2
◆

. (28)
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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 di↵erent
strength of the net-transverse force.

E. E↵ects of electric fields in low-frequency domain

As has been concluded in the previous two sections, the
pulse-amplitude as can be measured in the LOFAR fre-
quency window of 30-80 MHz is strongly determined by
the strength of the transverse electric field up to values of
about 40 kV/m. In addition, parallel electric fields have
small e↵ects on the pulse-amplitude in the frequency win-
dow 30-80 MHz. It was shown that at lower frequencies,
the pulse amplitude keeps growing with increasing field
strength up to at least 100 keV/m. In this section we in-
vestigate 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 a
considerable pulse power.
Fig. 18 shows that while parallel electric fields have

only a minor e↵ect on the emitted power in the fre-
quency range from 30 MHz to 80 MHz, they have much
larger e↵ects on the power in the low frequency win-
dows of 2-9 MHz. Here an increase of the peak-power
with the strength of Ek is observed. Inside a strong par-
allel electric field, since the number of low-energy elec-
trons increases and the number of low-energy positrons
reduces, charge-excess component becomes comparable
to transverse-current component. As a result of the in-
terference the intensity at the highest electric field does
not only have a strong maximum, but also a clear (lo-
cal) minimum at 250 m from the shower core in the op-
posite direction as seen in the bottom panel of Fig. 18.
Since these low-energy particles trail far away behind the
shower front, the change in the intensity pattern is not
observed in the LOFAR-LBA frequency range.
Fig. 19 displays that in the low frequencies window

2-9 MHz the maximum intensity increases with the net
force to a very similar extent as in the frequency win-
dow 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 fields and thus
the charge-excess contribution becomes smaller. The ef-
fects in the two frequency windows, 2-9 MHz and 30-
80 MHz, are very similar although somewhat more pro-
nounced at the lower frequencies. To have more leverage
on the strength of perpendicular component of the elec-
tric field one would need to go to even lower frequencies
as is apparent from Fig. 17 which may be unrealistic for
actual measurements.
The e↵ects of parallel electric fields and large trans-
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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 di↵erent
strength of the net-transverse force.

E. E↵ects of electric fields in low-frequency domain

As has been concluded in the previous two sections, the
pulse-amplitude as can be measured in the LOFAR fre-
quency window of 30-80 MHz is strongly determined by
the strength of the transverse electric field up to values of
about 40 kV/m. In addition, parallel electric fields have
small e↵ects on the pulse-amplitude in the frequency win-
dow 30-80 MHz. It was shown that at lower frequencies,
the pulse amplitude keeps growing with increasing field
strength up to at least 100 keV/m. In this section we in-
vestigate 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 a
considerable pulse power.
Fig. 18 shows that while parallel electric fields have

only a minor e↵ect on the emitted power in the fre-
quency range from 30 MHz to 80 MHz, they have much
larger e↵ects on the power in the low frequency win-
dows of 2-9 MHz. Here an increase of the peak-power
with the strength of Ek is observed. Inside a strong par-
allel electric field, since the number of low-energy elec-
trons increases and the number of low-energy positrons
reduces, charge-excess component becomes comparable
to transverse-current component. As a result of the in-
terference the intensity at the highest electric field does
not only have a strong maximum, but also a clear (lo-
cal) minimum at 250 m from the shower core in the op-
posite direction as seen in the bottom panel of Fig. 18.
Since these low-energy particles trail far away behind the
shower front, the change in the intensity pattern is not
observed in the LOFAR-LBA frequency range.
Fig. 19 displays that in the low frequencies window

2-9 MHz the maximum intensity increases with the net
force to a very similar extent as in the frequency win-
dow 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 fields and thus
the charge-excess contribution becomes smaller. The ef-
fects in the two frequency windows, 2-9 MHz and 30-
80 MHz, are very similar although somewhat more pro-
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tric field one would need to go to even lower frequencies
as is apparent from Fig. 17 which may be unrealistic for
actual measurements.
The e↵ects of parallel electric fields and large trans-
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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 interfer-
ence near the core which results in a ring-like structure in
the intensity footprint which can clearly be distinguished
in Fig. 5. At the ring the signal reaches the maximum
value. For the case of F? = 50 keV/m (top panel of
Fig. 5), there is an asymmetry along the 45 � axis which
is the direction of the net force F? and results from the
interference with the charge-excess component. For F?
= 100 keV/m this asymmetry is even smaller.

FIG. 5: Intensity footprints of 1015 eV vertical showers
for the 30 - 80 MHz band for the case of F? =
50 keV/m (top) and F? = 100 keV/m (bottom).

Interestingly, Fig. 6 shows that the amplitude of
the pulse is proportional to the net force until about
40 keV/m where it starts to saturate. This appears to be
a general feature, independently of shower geometry. As
we will argue in Section IIID, the saturation of the pulse
amplitude is due to loss of coherence since with increas-
ing transverse electric field the electrons trail at larger
distances behind the shower front.

FIG. 6: The pulse-amplitude 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 pulse amplitude is multiplied with
a scaling factor 0.1 for vertical and inclined showers at

30 degrees.

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 e↵ects 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 co-
herent. The intensity of coherent radiation is propor-
tional to the square of the number of particles while
for in-coherent radiation it is only linearly proportional.
Since the number of particles is large, many tens of thou-
sands, this is an important factor. To reach coherence the
retarded distance between the particles should be small
compared to the wavelength of the radiation. For the
present cases most of the emission is in near forward an-
gles from the particle cascade which implies that the im-
portant length scale is the distance the electrons trail
behind the shower-front [33]. When this distance is typi-
cally less than half a wavelength the electrons contribute
coherently to the emitted radiation. For the LOFAR fre-
quency window of 30-80 MHz we assume that this coher-
ence length to be 3 m. The challenge is thus to under-
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decreases with increasing energy. When applying an elec-
tric field that accelerates the electrons the Monte Carlo
simulations show a considerable increase in the trailing
distance behind the shower front. From the present sim-
ple picture this can be understood to be generated by the
increased energy-loss time that generates 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 wave-
length of the shower front. For the LOFAR LBA fre-
quency 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

dP (U)

dl
=

dP (U)

dt

dt

dl
=

P
0

(U)

⌧

2U2

(m2

0

+ P 2

?)
. (18)

Therefore, the number of electrons within the distance �
is

P�(U) =

(
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0

(U) ⌧E
⌧

U > U
�

P
0

(U)U
2
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U

2
� ⌧

U 6 U
�

, (19)

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

U
�

=

r
(m2

0

+ P 2

?) ⌧E
2�

. (20)

In the absence of an electric field we have, of course,
⌧
E

= ⌧ given by Eq. (5).
It should be noted that the factor in Eq. (19),

U2 ⌧
E

U2

�

⌧
=

2U2�

(m2

0

+ P 2

?)⌧
, (21)

is independent of ⌧
E

. At energies below U
�

(which it-
self 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. 11a as well as in the full Monte
Carlo simulations of Fig. 11b. At energies exceeding U

�

the number of electrons is proportional to ⌧
E

and thus
increases with the strength of the electric field. This in-
crease 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 are significantly enhanced. As a result,
there is a strong increase in coherent radiation at larger
wavelengths, well below the frequency range of LOFAR
LBA as it 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 veloc-
ity with respect to the shower front is larger than for the
high-energy electrons. As a consequence, they are trail-
ing much more than 3 m behind the shower front. Their

(a) Analytical estimates

(b) CORSIKA simulations

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 = 0,
Ek = 50 kV/m and Ek = 100 kV/m at the shower

maximum from analytical calculations (top panel) and
from full CORSIKA simulations (bottom panel).

radiation is thus not added coherently in the LOFAR fre-
quency range but instead in the frequency below 10 MHz.
Therefore, the e↵ects of parallel electric fields cannot be
observed by LOFAR operating in the frequency of 30-
80 MHz. These e↵ects should be measurable at a lower
frequency range.

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
transverse force working on the electrons. In order to get
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FIG. 18: Intensity footprints of 1015 eV vertical showers
for the 2 - 9 MHz band for the cases of no electric field
(top), Ek = 50 kV/m (middle), and Ek = 100 kV/m

(bottom).

verse electric fields are measurable at low frequencies
from 2 MHz to 9 Mhz. Since the intensity footprints
become wider at low-frequency domain (see Fig. 18 and
Fig. 19), measuring signals in this range requires a less
dense antenna array than in the LBA frequency domain.

FIG. 19: Intensity footprints of 1015 eV vertical showers
for the 2 - 9 MHz band for the cases of F? = 50 keV/m

(top) and F? = 100 keV/m (bottom).

F. Adapting distance of the e↵ects 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. [28] that the numer of
positrons adapts quickly to the expected number when
the electric field is switched on. To study this in more
details we have changed the magnitude of the electric
field at a certain height and determined the number of
particles as function of height in a CORSIKA calcula-
tion. The result are shown in Fig. 20 where the particle
number is plotted as function of slant depth in stepsizes
of 20 g/cm2 for vertical showers. One remarkable feature
one observes is that the particle number in the shower
approaches a new equilibrium value which is apparently
independent of the shower history. The distance over
which this re-adjusting 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
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FIG. 3: Intensity footprints of 1015 eV vertical showers
for the 30 - 80 MHz band for the case of no electric field
(top), Ek = 50 kV/m (middle), and Ek = 100 kV/m

(bottom).

both the transverse-current and the charge-excess com-
ponents.

B. Transverse electric field

To investigate the e↵ect of a transverse electric field we
will take a simple geometry with a vertical shower and
horizontally oriented electric fields. This does give rise to
the situation where at height h

L

the horizontal compo-
nent 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 hori-
zontal charge layer. At the charge layer the direction of
the electric field changes, i.e. the components transverse
as well as longitudinal to the shower direction. Here we
concentrate on the transverse component.
The transverse electric field does not change the num-

ber of electrons, but instead increases the magnitude and
changes the direction of the drift velocity of the elec-
trons. This is shown in Fig. 4 where the results of sim-
ulations 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
middle 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 middle layer. One ob-
serves that the number of electrons at the shower maxi-
mum stays rather constant while the transverse-drift ve-
locity of these electrons increases almost linearly with the
strength of the net force. The induced transverse current
thus increases linearly with the net force.

FIG. 4: The number of electrons (solid blue line, left
axis) and their drift velocity at X

max

(dashed black
line, right axis) of vertical 1015 eV showers as a function

of the net-transverse forces.

Due to a strong increase in the transverse current con-
tribution while the charge excess contribution remains
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tion. The result are shown in Fig. 20 where the particle
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