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ABSTRACT

Context. The detection of radio pulses from cosmic ray air showers is a potentially powerful new detection mechanism for studying spectrum and 
composition of ultra high energy cosmic rays that needs to be understood in greater detail. The radiation consists in large part of geosynchrotron 
radiation. The intensity of this radiation depends, among other factors, on the energy of the primary particle and the angle of the shower axis with 
respect to the geomagnetic field.
Aims. Since the radiation mechanism is based on particle acceleration, the atmospheric electric field can play an important role. Especially inside 
thunderclouds large electric fields can be present. In this paper we examine the contribution of an electric field to the emission mechanism 
theoretically and experimentally.
Methods. Two mechanisms of amplification of radio emission are considered: the acceleration radiation of the shower particles and the radiation 
from the current that is produced by ionization electrons moving in the electric field. For both mechanisms analytical estimates are made of their 
effects on the radio pulse height. We selected l o p e s  data recorded during thunderstorms, periods of heavy cloudiness and periods of cloudless 
weather. We tested whether the correlations with geomagnetic angle and primary energy vary with atmospheric conditions.
Results. We find that during thunderstorms the radio emission can be strongly enhanced. The present data suggests that the observed amplification 
is caused by acceleration of the shower electrons and positrons. In the near future, extensions of l o p e s  and the construction of l o f a r  will help to 
identify the mechanism in more detail. No amplified pulses were found during periods of cloudless sky or heavy cloudiness, suggesting that the 
electric field effect for radio air shower measurements can be safely ignored during non-thunderstorm conditions.

Key words. Acceleration of particles -  Elementary particles -  Radiation mechanisms: non-thermal -  Methods: data analysis -  Telescopes

1. Introduction

The first detection o f  radio pulses from  extensive air show 
ers (EAS) was in  1964 (Je lley e ta l. 1965) and several em is 
sion m echanism s have been  proposed to explain them . A skaryan 
(1962) calculated the Cherenkov radiation resulting from  the 
negative charge excess in  extensive air showers. K ahn & Lerche
(1966) considered two m ore m echanism s, bo th  driven by the ge 
om agnetic field. Firstly, the geom agnetic field separates the neg 
ative and positive charges. The electric dipole created in this way 
w ill em it Cherenkov-like radiation in  the atm osphere. Secondly, 
the transverse current that is generated by the charge separation 
produces a  radiation field w hich is strongly beam ed forw ards in 
the direction o f  the EAS. They predicted the latter m echanism  to 
be dom inant.

The atm ospheric electric field also contributes to the total 
radio emission. C harm an (1967) calculated the effect o f  charge 
separation due to electric fields and concluded that this effect 
can contribute significantly w hen a large electric field is present
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in  the atm osphere. Furtherm ore, W ilson (1957) and  Charm an 
(1968) suggested that ionization electrons, left behind by the 
EAS, em it radiation w hen accelerated in  a background electric 
field. Inside thunderclouds the electric field can be large enough 
to accelerate the ionization electrons up to energies h igh enough 
to produce ongoing ionization (typically 100 kV m -1). This effect 
is called runaway breakdow n and a calculation o f  the associated 
radio pulse is done by G urevich et al. (2002).

In  the 1970’s several groups did experim ents w ith  shower 
arrays and radio antennas. One o f  their aim s was to infer the 
correct em ission m echanism  from  polarization m easurem ents. 
A lthough m ost experim ents w ere in  favour o f  the transverse 
current m echanism , a large contribution o f  other m echanism s 
could not be excluded. Large spreads in  radio intensity, inabil 
ity to filter out radio interference, and the significant but un 
know n effects o f  atm ospheric conditions led to the abandonm ent 
o f  these experim ent (see Baggio et al. 1977). Excessively large 
radio pulses o f  EAS during thunderstorm s were found experi 
m entally by M andolesi et al. (1974).

http://arXiv.org/abs/astro-ph/0702432v2
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Recently, G urevich et al. (2004) reported the discovery o f 
radio pulses o f  duration ~  0.5 ^ s  associated w ith  EAS during 
thunderstorm s at the Tien Shan Scientific Station in  Kazakhstan. 
These w ere detected w ith  antennas sensitive to frequencies b e 
tw een  0.1 and 30 M Hz. The f o r t e  satellite has detected strong 
intracloud radio pulses in  the 2 6 -4 8  M H z band, w hich are 
correlated w ith  discharge processes inside the thundercloud 
(Jacobson 2003).

The developm ent o f  l o f a r  revived the interest in  radio de 
tection o f  EAS. Falcke & G orham  (2003) describe the em ission 
in  term s o f  coherent geosynchrotron emission. A lthough no ex 
p licit com parisons are m ade, they expect this m echanism  to be 
largely equivalent to the transverse current m echanism , since 
it also results from  charge separation and is beam ed forward. 
D etailed sim ulations o f  the geosynchrotron em ission from  EAS 
are presented in  Huege & Falcke (2003) and Huege & Falcke 
(2005).

The l o p e s  experim ent was set up at the k a s c a d e  array site 
in  Karlsruhe, consisting o f  10 and later 30 radio antennas sen 
sitive to radiation in  the band 4 0 -8 0  MHz. The presence o f  the 
k a s c a d e  particle detectors on  the site, new techniques and m od 
ern  hardware allow higher resolution and a  h igher detection rate 
than  the old  experim ents. In  Falcke et al. (2005) it was shown 
that the m easured antenna electric field is strongly correlated 
w ith  the m uon num ber and the angle o f  the show er axis w ith 
the geom agnetic field. The first correlation is a  strong indication 
that the radio em ission from  EAS is coherent, while the latter 
correlation proves that the dom inant em ission m echanism  is o f 
geom agnetic nature.

In  this paper we investigate theoretically and experim entally 
the effect o f  atm ospheric conditions on  the radio emission. We 
com pare sets o f  events that w ere recorded by l o p e s  under vari 
ous w eather conditions: fa ir weather, large nim bostratus clouds, 
and thunderstorm s. U nder v io len t w eather conditions, the effect 
o f  geoelectric m echanism s increases. W hen this increase is large 
enough it may dom inate over the geom agnetic em ission m echa 
nism. U nderstanding the effect o f  atm ospheric conditions on  the 
em itted radiation is crucial fo r a  correct determ ination o f  the pri 
mary energy from  observed radio pulses.

2. Electric fields inside clouds

We present some general characteristics o f  thunderstorm s based 
on  the inform ation provided by M acG orm an & R ust (1998). In 
fa ir weather, i.e. atm ospheric conditions in  w hich electrified 
clouds are absent, there is a  downward electric field present 
w ith  a field strength o f  ~  100 Vm -1 at ground level. The field 
strength decreases rapidly w ith  altitude and has values below
10 V m -1 at altitudes o f  a  few hunderd m eter and higher. The 
associated fair w eather current charges up cloud boundaries, b e 
cause clouds have low er conductivity than  the free atm osphere. 
O ther effects, such as ion  capture and collisions betw een po 
larized cloud particles, also contribute to the charging up o f 
clouds. C louds can typically gain  field strengths o f  a few hun 
dred V m -1 . N im bostratus clouds, w hich have a  typical thickness 
o f  m ore than  2000 m  can have fields o f  the order o f  10kV m -1 . 
The largest electric fields are found inside thunderstorm s, where 
locally field strengths can reach values up to 100 kV m -1 . In  m ost 
clouds this field is directed vertically (either upw ards o r dow n 
wards, depending on  the type o f  cloud), bu t thunderclouds con 
ta in  com plex charge distributions and can have local fields in 
any direction. Thunderclouds can have a vertical extent o f  ~  10 
km . The electric field at ground level is strongly affected by the 
electric processes inside thunderclouds. A lthough it can not be

used to estim ate the field strength inside the cloud, a  change in 
the (polarity of) the ground field is a  strong indication that large 
electric fields are present overhead. In  the context o f  EAS radio 
em ission, ground level electric field m ills can be used as a w arn 
ing system  fo r v iolent electric phenom ena in the atm osphere.

3. Electric field influence on radiation

The atm ospheric electric field acts on  the radio em ission from  
EAS in various ways. We distinguish two generations o f  elec 
trons: the relativistic electrons from  pair creation in  the EAS 
(called shower electrons from  here) and the non-relativistic elec 
trons resulting from  the ionization o f  air m olecules by the EAS 
particles (called ionization electrons from  here). The shower 
electrons are created together w ith  an equal am ount o f  positrons. 
In  this section, we w ill use G aussian units.

1. The electric force accelerates the show er electrons and 
positrons, producing radiation in  m ore o r less the same way 
as the m agnetic field does. This effect is described in  Sec. 
3.1.

2. The ionization electrons are accelerated in the electric field. 
A  radio pulse w ill be em itted from  the short current that is 
produced in this way. This effect is described in  Sec. 3.2.

3. As the electrons and positrons move through the electric field 
they can gain  or lose energy, w hich has an  influence on  the 
electrom agnetic cascade. W hen the electric field points u p 
w ards and the shower is vertical the electrons gain  as m uch 
energy as the positrons lose. However, w hen a charge excess 
o f  e exists a  shower w ith  prim ary energy E0 = 1016 eV  and 
electron num ber N  ~  107 m oving through a thundercloud 
sustaining a 1 kV /cm  vertical electric field over 2 km , the 
energy gain  o f  the w hole show er w ill be:

A E  = eN q |E |A x «  2 ■ 1014eV  (1)

where | E| is the electric field strength, and we have used a 
typical value o f  e = 0.08. This corresponds to ~2%  o f  the 
prim ary energy. This value is only a very rough approxim a 
tion.

4. The electric field acts on  all charged particles in the EAS and 
can thus influence the longitudinal and lateral developm ent 
o f  the EAS. This may affect the coherence and the shape and 
size o f  the radio footprint.

The last two effects can best be investigated by including elec 
tric field effects in  a  M onte Carlo code like c o r s i k a  (Heck et al. 
1998) and are not studied in  this paper. The first two effects w ill 
be further explored below. A lthough bo th  m echanism s can be re 
sponsible fo r a  strong enhancem ent o f  radio em ission, they can 
be distinguished by their tem poral and spectral radiation profiles.

3.1. Acceleration o f air shower electrons

The radiation part o f  the electric field o f  a  m oving electric charge 
can be expressed as (Jackson 1975):

(2 )
- ret

where e is the unit charge, R  is the distance to the observer, 
P  = v /c  is the velocity o f  the charge and n  is a  unit vector poin t 
ing in  the direction o f  the observer (approxim ating the index o f

E ( x  t) =
n x [ ( n - f i ) x f i \  

(1 - f i  ■ ri)3R

e

c
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refraction fo r radio waves in the atm osphere to be unity). The 
associated vecto r potential is:

/ c \'/2 
4 U 0  = ( - )  [RE l (3)

A (R ,  w) =
we

V8C7I
[-e||An(w) ± e± A±(w)] (4)

A ]] = i ^ r ( \ + e :

y f 3 c \ T
K2/3(f)

A , = 9

V 3 c \y -

1/2

K1/3(f)

w ith

wp

3c
+ Ö2

Y2

3/2

(5)

(6)

(7)

where K a is the m odified Bessel-function o f  order a, 6 is the 
(small) angle betw een n  and p ,  and the radius o f  curvature p  is 
g iven by:

p =
vym ec  

eB  sin a
(8)

The radiated pow er o f  an  accelerated charge can be ex 
pressed in  the follow ing form , know n as the L ienard result 
(Jackson 1975):

2 e2
p = r 6 [(ß)2 ~ ( ß x ß ) : (9)

As the electron and positron paths are curved in the geom ag 
netic field they em it synchrotron radiation as in Fig. 1. From  
Eqns. 2 and 3 the vector potential in  frequency dom ain can be 
calculated (Huege & Falcke 2003):

from  w hich it can be seen that the pow er is related to the acceler 

ation as P\\ k  y 6f i 2 in  case o f  linear acceleration and P± y 4p l  
w hen the acceleration is perpendicular to the direction o f  m o 
tion. Furtherm ore, p\\ k  y -3 F\\ and <x y ~ l F±, w here F\\ is a 
force in the direction o f  m otion and F± is a  force perpendicu 
lar to the direction o f  motion. Com paring the effect o f  these two 
forces one finds:

where the p lus-sign corresponds to electrons and the m inus-sign 
to positrons, u  is the angular frequency o f  the radiation, êy the 
unit vector in  the plane o f  curvature o f  the trajectories and e± the 
unit vector perpendicular to that plane, b o th  transverse to n  The 
com ponents are given by:

Pi =
2 e2

3 m 2 c3

while:

2 e2

3 m 2c?

F
F

y 2F 2±

(10)

(11)

w hich is a  factor y 2 greater. The Lorentz force is always perpen 
dicular to the partic les’ direction, but the electric force can have 
any angle w ith  respect to the trajectory.

w here v  and y  are the speed and Lorentz factor o f  the em itting 
particle, B  is the m agnetic field strength and a  is the angle o f  the 
trajectory w ith  the m agnetic field direction (the pitch  angle). It 
can be seen from  Eqn. 4 that although the radio em ission com 
ponents o f  the electron and positron perpendicular to the plane 
o f  curvature cancel out, the com ponents in  the plane o f  curvature 
add up.

Fig. 2. The electrons and positrons m ake curved trajectories in  
the m agnetic field. U nder influence o f  a downward directed elec 
tric field, the positrons (electrons) are accelerated (decelerated). 
The asym m etry in  the trajectories w ill be reflected in  the radio 
emission.

Fig. 1. The electrons and positrons travel along curved trajecto 
ries in  the m agnetic field, em itting synchrotron radiation.

For a m ore detailed view  we turn  our attention to the v ec 
to r potential. We w ill treat a  general case in  w hich a linear force 
and a perpendicular force act on  a charge and evaluate the vector 
potentials caused by these two forces. We define the unit vector 
ei as perpendicular to the partic le’s velocity p  and lying in  the 
orbital plane o f  the particle. F rom  Eqn. 4 we know that the em is 
sion from  an electron/positron pair is strongly polarized in  this 
direction. We therefore evaluate the vecto r potentials o f  linear 
and perpendicular acceleration along this unit vector fo r an  ob 
server in  the orbital plane. Since bo th  the charge and p  in  Eqn. 
2 have different signs fo r electrons and positrons, the resulting 
field is the same fo r bo th  types o f  particles. For linear accelera 
tion  Eqns. 2 and 3 reduce to:

All(0, t) =
V4 n c

sin 0

(1 -  ß  cos 0) rPl l e1 (12)

e

1

e
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E

and fo r perpendicular acceleration:

A ±(0, t) =
V4 n c

cos 0 -  ¡3

(1 -  3  cos 0)
ei (13)

A\\(0, t) =
V47rc

Y0

Ax (0, t) =
V47TC

(1 + y202)3

2 7  (1 + y202)3

A ei

ei

(14)

(15)

w here the relativistic approxim ation (1 - j6)-1 = 2 y 2 is used. We 
w ill now com pare the peak values o f  A\\ and A±. The peak o f  A\\ 
lies at y 6  = 1/2 and the peak o f  A± at 6 = 0. We find that:

A||max œ Y Â  œ y2 

A±max œ y 4f i± œ y3 F±

(16)

(17)

Ao,max œ y 30q cB  sin a (18)

Ae œ y 3q (cB  sin a  ± E  sin ó) + j 2q E  cos ó (19)

Namp a s :

_ ^E^ax _ (  7  X  ( ,  , £ s in ô '

amp = Â ^ = U J  * 5 ^
+ i ( i

Yo \ro

E co só

I0,max \ 70l  \  B c  sin a j  y 0 \ y 0 j  B c  sin a  

Three effects can be distinguished that cause am plification:

(20)

-  The part o f  the electric field that is directed perpendicular 
to the particles. The am plification depends on  the force as
Nam F. For a typical case o f  a  horizontal show er in  a

B

Fig. 3. E lectron/positron pairs are created in  a horizontal 
shower. The downward electric force w orks in  the same direc 
tion  as the Lorentz force fo r bo th  species. The radio em ission is 
amplified.

w hen n  lies in  the orbital plane o f  the particle. Note: the sub 
scripts to A  refer to the type o f  acceleration (linear or perpendic 
ular) that cause the vector potential. F o r sm all 6 these equations 
can be w ritten in the form :

W hen an  electric field is absent the peak value o f  the vecto r po 
tential is:

W hen an  electric field E  w ith  pitch  angle 6 (defined as the angle 
betw een E  an d P ) is present the peak value o f  the vector potential 
is:

w here the plus sign corresponds to the case w here the electric 
force and the Lorentz force act in  the same direction and the m i
nus sign to the case where they act in  opposite directions. The 
Lorentz factor y  can differ from  y0 as a  result o f  linear accelera 
tion  o r deceleration. Now we can define an am plification factor

vertical electric field (see Fig. 3) w ith  values B  = 0.5 G, 
a  = 25° and y0 = 30 the am plification factor is 1.15 fo r an 
electric field o f  1 kV m -1 and 17 fo r a field o f  100 kV m -1.

-  The part o f  the electric field that acts linearly on  the parti 
c les’ trajectory. The am plification depends on  the force as 
Namp k  F /y 0. For the case o f  a  vertical shower in a vertical 
electric field and the sam e characteristic values as m entioned 
above the am plification factor is 1.5 fo r an  electric field o f 
100 kV m -1.

-  As the particles are accelerated/decelerated their Lorentz 
factor increases/decreases. The am plification depends on 
the Lorentz factor as Namp k  (y /y 0)3. This effect depends 
strongly on  the track lengths o f  the particles. Suppose a pair 
is created in  a  vertical shower in  a  vertical electric field and 
the same characteristic values m entioned above. W hen the 
particles have crossed an  altitude difference o f  100 m  the 
positron has reached a  Lorentz factor o f  50, while the elec 
tro n ’s Lorentz factor is dow n to 10 (see Fig. 2 ). The cor 
responding am plification is (503 + 103) /2  ■ 303 «  2.3. A fter 
200 m  the electron has changed direction and its radiation no 
longer reaches the ground. The positron now has a Lorentz 
factor o f  70, corresponding to an am plification factor o f  6.3. 
A t a height o f  4 km  the m ean free path  length o f  electrons 
and positrons is in  the order o f  a  few  hundred meter.

Amplification of emission from a complete shower

So far, only the em ission o f  a single particle pair was discussed. 
Eqn. 20 does not apply to com plete showers, consisting o f  many 
electron-positron pairs w ith  varying p itch  angles, energies and 
track lengths. A n observer at ground level can see the em is 
sion o f  a particle only fo r a  fraction o f  its lifetim e, since the 
particle follows a curved trajectory. W hen the em ission from  
a particle is am plified due to an  electric force, this does not 
necessarily m ean that an  observer w ill see an increase in  em is 
sion. The observed pulses o f  single particles have a duration o f 
A t = n p /c y 3 ~  10-11 s while the total pulse o f  a  shower is o f  the 
order A T  = L /( 2 c y 2) ~  10-8 s, where L  is the length o f  the to 
tal shower. The pulses o f  individual particles are distributed over 
the period AT, so the em ission is not totally coherent. Since the 
num ber o f  particles is m uch higher than  A T /A t  the em ission is 
also not com pletely incoherent.

The radius o f  curvature o f  a  relativistic particle is given by 
Eqn. 8 . The tim e w idth  o f  a  single pulse, as m easured by a 
ground observer, depends on  the Lorentz factor and the applied 
force as A t k  y -2 F -1. Some o f  the am plification effects m en 
tioned in  the section above w ill therefore not contribute to a total 
increase o f  emission.

-  The part o f  the electric force that is directed perpendicular to 
the particle orbit increases the peak value o f  A  proportional 
to F±. The tim e w idth  o f  the observed pulse goes dow n as 
F - 1 and the contribution to the integrated em ission o f  the 
w hole show er rem ains the same.

-  The part o f  the electric force that is directed along the parti 
cle orbit does not influence the tim e w idth  o f  the pulse (ini 
tially). However, the sign o f  A\\ is dependent on  the view ing 
angle (see Eqn. 13). W hen the pulses are distributed over AT 
pulses o f  opposite polarity w ill be added and partially cancel 
out.

e

e 5
Y

1 1e

2
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-  W hen the particle is accelerated its field strength increases 
proportional to y 3, w hile the pulse w idth  decreases as y -2 . 
The contribution to the integrated show er field strength 
roughly increases w ith  y. The pow er o f  the integrated pulse 
increases w ith  y 2.

From  this treatm ent it appears that the increase in  particle v e 
locity is the m ost im portant factor in  pulse am plification fo r an 
integrated shower. However, w hen the tim e w idth  o f  a  pulse de 
creases because the partic les’ trajectory is bent over a larger an 
gle this also m eans m ore observers w ill be able to see em ission 
from  that particle. In  general, an  observer w ill be able to see a 
larger fraction o f  the to tal am ount o f  particles and, in  effect, an 
am plification o f  the radio pulse.

The total am plification o f a  radio pulse from  a com plete 
shower depends on  the distribution o f particles and the position 
o f  the ground observer and cannot be easily predicted. A  de 
tailed M onte Carlo sim ulation w ith  realistic particle distribution 
will give m ore reliable results and is  subject o f further research. 
For now, we can regard the am plification factor as given in  Eqn. 
20 as an  upper lim it fo r the observed amplification.

3.2. Acceleration o f ionization electrons

The shower particles ionize air m olecules and leave behind free 
electrons and  positive ions. The electrons can recom bine w ith 
the ions in  a tim e scale o f seconds, bu t on  a  m uch shorter time 
scale o f  a  few  tens o f  nanoseconds the electrons attach to oxy 
gen  m olecules form ing negative ions (W ilson 1957). W hen an 
electric field is present the free electrons are accelerated produc 
ing a current pulse. Because o f  frequent collisions they gain  a 
drift velocity o f  ~  100 m /s (C harm an 1968). The duration o f  the 
pulse depends on  the attachm ent tim e r att o f  electrons to oxygen 
m olecules (w hich is a  function o f the electron energy) and the 
angle under w hich the shower is viewed. In  contrast to the ra 
dio em ission from  the show er electrons/positrons the radiation 
is not beam ed forw ard since the free electrons do not becom e 
relativistic. The associated frequency up to w hich the em ission 
is coherent is ~  10 M H z fo r an  observer in  the direction o f  the 
shower (inverse o f  r att ~  100 ns).

W hen ionized electrons gain  an energy o f  e > ec ~  0.1 -  1 
M eV  they can ionize new molecules. I f  the electric field is strong 
enough to accelerate ionization electrons to such energies a p ro 
cess called runaway breakdow n (G urevich et al. 1992) can oc 
cur. The critical field strength o f  E c «  100 -  150 kV/m , needed 
fo r this effect, is  present only inside thunderclouds. In  the run 
away breakdow n process two generations o f electrons are cre 
ated: relativistic runaway electrons and  slow therm al electrons, 
w hich can bo th  contribute to the radio signal. In  Fig. 4 the con 
tribution o f  the ionization electrons is schem atically displayed. 
A  sim ple current w ould produce a dipolar radiation field. The 
real radiation pattern  w ill be m ore com plex because o f  the finite 
length o f  the current, the transverse w idth  o f  the current and the 
existence o f relativistic electrons. The radiation pattern  o f the 
runaway breakdow n is calculated in  G urevich et al. (2002) fo r a 
vertical shower and resem bles that o f  a  current pulse. The pulse 
am plitude is calculated to be several orders o f  m agnitude higher 
than  the geosynchrotron em ission from  the EAS.

3.3. Distinguishing between the mechanisms

B oth m echanism s can be responsible fo r an am plification o f  the 
radio pulse from  EAS. There are several ways to distinguish b e 
tw een  them :

Fig. 4. A n EAS passes through a thunderstorm  cloud em itting 
the usual geosynchrotron emission. The ionization electrons are 
accelerated inside the cloud. In  this picture the radiation pattern  
is displayed as dipole radiation. The real pattern  o f a  current 
pulse suffers from  diffraction.

1. The radio pulse from  the shower electrons w ill have ap 
proxim ately the same w idth  as produced by  the geosyn 
chrotron m echanism  and is dependent on  the longitudinal 
separation o f the air show er particles. The pulse w idth  o f 
the ionization current pulse is determ ined by the electron at 
tachm ent tim escale (Atatt ~  100 ns) and the tim escale asso 
ciated w ith  the scale la o f the runaway breakdow n current 
A t  ~  la/ c  «  200 -  300 ns (G urevich et al. 2004).

2. The pulse from  the show er particles will be polarized in  the 
plane o f  curvature, as in the geosynchrotron m echanism. The 
polarization o f the ionization current pulse is in  the vertical 
plane o f  the current and the observer.

3. The radiation from  the ionization current is em itted in  all 
directions, while the radiation from  the relativistic shower 
particles is  beam ed forw ard, as shown in  Fig. 4.

4. Experimental Setup

In  2004, the l o p e s  array consisted o f  10 dipole antennas, placed 
on  the same location as the k a s c a d e  experim ent (A ntoni et al. 
2003) w hich provides triggers fo r l o p e s  and records the m uon 
and electron com ponents o f  the EAS, used to reconstruct the en 
ergy o f  the prim ary and its direction. Presently, l o p e s  m easures 
only the polarization in the east-w est plane. A  layout o f  the ex 
perim ent is shown in Fig. 5. D etails about the experim ental setup 
and the reduction o f  the data can be found in  H orneffer et al. 
(2004). A dditional inform ation about the w eather was obtained 
from  a w eather station at K arlsruhe (49°02’N  8°22’E) in the 
archive o f  a free w eather server1.

Four sets o f data w ere selected from  the 2004 database o f 
l o p e s :

1. Events w ith  the highest k a s c a d e  particle count. The events 
in  this selection have either a truncated m uon num ber above
2 ■ 105 o r an  electron num ber exceeding 5 ■ 106 (412 events 
spread over the period January-Septem ber).

1 h t tp : / /m e te o . in fo s p a c e .ru /w c a rc h /h tm l/ in d e x .sh t

http://meteo.infospace.ru/wcarch/html/index.sht
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Antenna Layout Table 1. A pplied cuts on  selections.
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5. Results

In  Falcke et al. (2005) it was shown that the strength o f  the radio 
signal depends on  the geom agnetic angle as (1 -  cos a )  w hen 
it is norm alized w ith  the (truncated) m uon number. We show 
this correlation here, using the selection o f  events that is the first 
set listed in  Sec. 4 and  applying the cuts listed in  Table 1 u n 
der ‘largest’. In  Fig. 6 the norm alized pulse heights are plotted

Fig. 5. Layout o f  the LOPES experim ent. Boxes indicate posi 
tions o f  KA SCA D E detector stations, filling up an area o f  200 m  
by 200 m, and circles indicate antenna positions

2. Fair w eather events w hich took  place during periods w ith  0%  
cloud coverage (9455 events spread over the period M arch 
September).

3. Events w hich took  place w hile the sky was covered by nim 
bostratus clouds fo r m ore than  90%  (2659 events spread over 
the period January-M arch).

4. Events during thunderstorm s, w hich w ere identified by look 
ing  at lightning strike m aps2 and the dynam ic spectra o f 
l o p e s .  The radio em ission o f  actual lightning strikes show 
up on these spectra as bright lines because the antenna sig 
nal is saturated. In  our selection we only used thunderstorm s 
that w ere visible b o th  on  the m aps and the spectra. The radio 
events that w ere recorded betw een these strikes o r half an 
hour before the first o r after the last strike on the spectra are 
regarded as thunderstorm  events (3510 events taken from  11 
thunderstorm s in  the period M ay-August).

Together, all these events form  only a very small fraction 
o f  the total l o p e s  database, because the w eather inform ation is 
not com plete and even i f  it was, m ost w eather conditions do 
not m atch the criteria o f one o f these selections. The selections 
include events fo r w hich  a radio signal w as not detected. The 
w eather at the l o p e s  site is expected to differ only slightly from  
the w eather as archived at the K arlsruhe w eather station.

To determ ine w hether the radio peak  is significant o r not a 
cross-correlation beam  w as created. A  com bined signal o f all 
l o p e s  antennas is reconstructed by tem poral shifting o f  the pulses 
in  accordance w ith  the arrival direction in the k a s c a d e  EAS data. 
The C C-beam  is then  calculated by adding correlations o f  all 
possible antenna pairs. The radio signal as a function o f tim e is 
fitted w ith  a G aussian and is considered a detection w hen the fit 
ted  peak  is larger than  the background noise by 3 sigma. Since 
the am plitude calibration o f the antennas is not yet com pleted, 
the pulse heights are given in  arbitrary units. In  the scope o f  this 
paper this is not a problem , since w e investigate relative differ
ences betw een sets o f  events.

_cr>
’(U

a)
in
Z5

CL

1 —cos(Geomagnetic  Angle)

Fig. 6 . N orm alized pulse height o f  the events from  selection 1 
o f  Sec. 4, p lotted against the geom agnetic angle. Excess pulse 
heights are defined as the norm alized pulse height m inus this fit.

against geom agnetic angle and  a fit is  made. The norm alization 
is done by  dividing by  the truncated m uon num ber and  m ulti 
p ly ing by  106. In  order to com pare data points to this fit we will 
calculate the difference betw een the points and the fit, not the 
ratio. The reason fo r this is that the ratio is a  value that is nor 
m alized fo r geom agnetic value. F or an  am plified pulse caused 
by an electric field this norm alization is not suitable. The total 
radiation can be seen as consisting o f  a geom agnetic part (which 
scales w ith  geom agnetic angle) and an  electric field part (which 
does not scale w ith  geom agnetic angle). We therefore define the 
pulse height excess as the no rm a lize d  pulse height m inus the fit 
value (the difference betw een a data point and the fit in  Fig. 6 ) . 
The error-w eighed m ean pulse height excess is  calculated as:

N
1 Y

X  =  T r > — = 0.33

where N  = £  ^ -1 , Y are the pulse height excess values and a ,  
the errors. Various effects are included in  the calculation o f  this 
error:

(21 )

2 2 . 2 . 2  , 2  
= ^bg  + V  fit + Œ phase + ge ( )

h t tp  : //w eb ca m .p aa n s tra .n l /
where <Tbg is the root m ean square o f  the background signal and 
a  f tt is the error in  the Gaussian fit to the m easured radio pulse.2
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T able 2. M ean pulse height excess.
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a higher chance to be detected on  a 3 a  level. The m ean pulse 
height excesses are listed in  Table 2.

A n error in  the phase calibration o f the antennas translates into 
an  error a  phase in  the form ed CC-beam. The antenna gain  factor 
depends on the signal direction, so an error in  the signal d irec 
tion  translates into an additional error in  the gain  factor, a ge. The 
last error is very small fo r zenith angles below  50°. For m ost ra 
dio pulses &bg is dom inant, bu t for strong pulses a phase gives 
the largest contribution. All but one data poin t in  Fig. 6 have an 
excess < 2. In the evaluation o f  the fa ir weather, nim bostratus
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Fig. 8 . Pulse height excess is p lotted against geom agnetic angle 
fo r distant cut.

Fig. 7. Pulse height excess is p lotted against zenith angle for 
conservative cut.

and  thunderstorm  events, three cuts w ere applied, w hich are all 
listed in  Table 1. In  the ‘conservative’ cut the m axim um  distance 
o f  the shower core to the array centre is 91 m  and the zenith an 
gle o f  the shower m ust be sm aller than  50°. B eyond these limits 
the values o f  the general show er param eters may not be w ell re 
constructed by k a s c a d e  (see A ntoni et al. (2003)). Furtherm ore, 
at least 6 out o f 10 antennas m ust have detected a  radio sig 
nal and the reconstructed m uon num ber m ust exceed 105. In 
the ‘distant’ cut the constraint on  distance is dropped. The con 
servative cut yields only 3 thunderstorm s events, 3 fa ir w eather 
events and 2 nim bostratus events. Their pulse height excesses are 
p lotted against zenith angle in  Fig. 7. One o f  the three thunder 
storm  events shows a large excess, while the other events deviate 
from  the fit w ithin 1 a . Because o f  the low statistics we w ill fo 
cus on  the results o f the ‘distant’ cut, w hich leaves 14 out o f 
3510 thunderstorm  events (0.40% ), 15 out o f  9455 (0.16% ) fair 
w eather events and 7 out o f  2659 (0.26% ) nim bostratus events. 
The detection rate increases considerably during thunderstorm . 
The detection rate during nim bostratus conditions also seems to 
be slightly higher, bu t one should note that this is all low  num ber 
statistics.

In  Fig. 8 the excess pulse height fo r events o f different 
w eather selections are plotted  against geom agnetic angle, where 
the distant cut is  applied. Figs. 9, 10, 11 and  12 contain the same 
data points, now plotted against respectively EAS energy as es 
tim ated by k a s c a d e ,  zenith angle, azim uth angle and m ean dis 
tance o f  the antennas to the shower axis. There is a  bias towards 
events w ith  a  positive pulse height excess, because these have

log(E)

Fig. 9. Pulse height excess is p lotted against show er energy for 
distant cut.

Some events have extrem ely nice radio pulses like in Fig. 
13. The signal-to-noise ratio in  the cross-correlation beam  (see 
Fig. 14) is m uch larger than  fo r other events and the coherence is 
very high. A  selection o f  these events was m ade by eye ( ‘rad io ’ 
cut in  Table 1) and the pulse height excesses are plotted in  Fig. 
15. All o f  these events have signal-to-noise ratios o f  > 10. In 
the fair w eather selection, 5 out o f  9455 events had such strong 
radio em ission (0.05% ), in  the nim bostratus selection 1 out o f 
2659 (0.04% ) and in the thunderstorm  selection 11 out o f  3510 
events (0.3%). The events that show a brigh t pulse because o f  the 
show er size appear near the bottom  o f the plot, because o f the 
norm alization w ith  m uon number. B right pulses from  showers 
w ith  a relatively small m uon num ber appear in  the upper part o f 
the plot. Only thunderstorm  events are present in  this region.

To further check the uniqueness o f  the high excess thunder 
storm  events, new selections o f  tw in  events w ere m ade from  the 
l o p e s  database. For each thunderstorm  event (A  through K  in
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Fig. 12. Pulse height excess is p lotted against m ean distance to 
the shower axis fo r distant cut. k a s c a d e  reconstruction o f  m uon 
num berbecom es unreliable above 9 1 m .
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Fig. 13. Signals o f  ten  l o p e s  antennas fo r a  very radio bright 
event (event K  in  Fig. 15). (Field strength values are not cali 
brated.)

Fig. 15) a selection was m ade o f  events w ith  approxim ately the 
same m uon and electron num ber (both w ithin  5%). The zenith 
angle and m ean distance to the shower axis o f  these tw in  events 
is not necessarily the same. The pulse height excesses, corrected 
fo r geom agnetic angle by dividing by the fit in  Fig. 6 , o f  all 
events are plotted in  Fig. 17 by group. For groups A  through F 
the pulse height excess o f  the thunderstorm  event is significantly 
larger than  those o f  their tw ins, while in  groups G  through K  
the thunderstorm  events have excesses sim ilar to those o f  their 
twins. The pulse heights are not norm alized fo r m ean distance 
to the show er core, since this dependence is not y e t clearly es 
tablished. Any reasonable norm alization (e.g. k  e x p ( -P /1 0 0  
m)) w ill not change the appearance o f  Fig. 17 significantly, i.e. 
the thunderstorm  events o f  groups A  through F still have m uch 
larger pulse height excesses than  their twins.

All the events that show a large excess in  Fig. 15 have signif 
icantly larger pulse heights than  their twins, while the low excess 
events have pulse heights sim ilar to their twins. In  group E  two 
o f  the tw in  events have a large pulse height excess. L ightning 
m aps and data from  the w eather station show that these events 
have also occured under thunderstorm  conditions. (They were

not in  the original selection because no lightning strikes were 
visible in  the dynam ic spectrum  during these thunderstorm s.)

6. Discussion

It is found that during thunderstorm s the radio signal from  EAS 
can be strongly amplified. Due to the low num ber o f  events for 
w hich the w eather conditions could be reliably reconstructed, it 
was necessary to include events that were m ore than  91 m  away 
from  the array core. The k a s c a d e  reconstruction o f  the m uon 
num ber is not fully reliable fo r showers w ith  large zenith  angle 
o r a  distant core. W hen the estim ation o f  the m uon num ber is too 
low the calculated excess values w ill be too high. The conserva 
tive cut is the m ost reliable but leaves the few est data points. 
The distant cut leaves m ore data points simply because there are 
m any events w ith  a distant core, not because they are detected 
m ore efficiently. A lthough the num ber o f  data points in  the con 
servative cut is too low fo r statistics, it reflects the structure o f  the 
plots w here the distant cut is applied. Large excesses fo r thun-



Buitink et al: Radio em ission o f  air showers in  thunderstorm s 9

O
(r.) 
v5 
0 

O 
X

LD

çp
*0

CD
c/5

3  °
CL

T ime[/xSeconds]

Fig. 14. Cross correlation beam  o f  the ten  signals o f  Fig. 13. 
The blue line is the cross correlated signal and the purple line is 
a  Gaussian fit. (Field strength values are not calibrated.)
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Fig. 16. Pulse height excess is p lotted against the geom agnetic 
angle fo r radio cut.

Thunderstorm events & Twins

C/5

C/5

CD

CJ
X

*0

0  
_cn
13

CL

Zenith Angle (degrees)

Fig. 15. Pulse height excess is p lotted against the zenith angle 
fo r radio cut. The thunderstorm  events are labelled A  through K.

Groups

Fig. 17. Pulse height excess, corrected fo r geom agnetic angle, 
fo r thunderstorm  events A  through K  and their twins. In  group 
E, two o f  the tw in  events are probably also thunderstorm  events 
(see text fo r details).

derstorm  events were found, while the spread fo r fa ir w eather 
and nim bostratus events is small.

A lthough some thunderstorm  events show a large excess, 
others fall inside the same spread as fair w eather and nim bostra 
tus events. This can be because the selected tim e w indows for 
the thunderstorm  selection probably contains some tim e before 
and after the thunderstorm s. Also, even w hen the thunderstorm  
is at its strongest, the am plification o f  the radio em ission w ill de 
pend on  the local field distribution inside the cloud and the angle 
o f  the show er axis w ith  the electric field.

D uring nim bostratus conditions no am plified radio em ission 
was found. This could be because the electric field is too weak, 
or because these clouds have a  sm aller vertical extent than  thun 
derstorm  clouds and m ost showers reach their m axim um  above 
the nim bostratus cloud, w here no large electric field is present.

Figs. 9 through  12 show no correlations betw een the pulse 
height excess and other EAS param eters (prim ary energy, zenith 
angle, azim uth angle and distance to the show er axis), w hich in 
d icates that the observed am plification is caused by the w eather 
condition. Fig. 16 and perhaps Fig. 8 seem  to indicate that the 
am plified pulses cluster at low geom agnetic angles. The statis 

tics are not good enough to m ake a statem ent on  w hether this 
feature is coincidental o r not. M ore data is needed to study this 
possible correlation.

The tw in  events in Fig. 17 have the same m uon and electron 
num ber, bu t other EAS param eters vary. The values in  this plot 
are norm alized w ith  m uon num ber and corrected fo r geom ag 
netic angle. The spread in pulse height excess w ithin  a  group o f 
tw in events can be due to differences in  zenith angle, azim uth 
angle or distance. The spread is, in  groups A  through F, small 
com pared to the pulse height excess value o f  the thunderstorm  
event(s). W hen, in  the future, a  larger database o f  events is avail 
able a  sim ilar analysis can be done fo r tw in  events that also share 
the same zenith  angle, azim uth angle and distance.

Radio pulses observed w ith  l o p e s  typically have a w idth  o f 
50 -  60 ns. Due to the 4 0 -8 0  M H z band  filtering any radio pulse 
shorter than  that w ill appear broadened. B roader radio pulses, 
however, do m aintain m ore o r less their original width. The ob 
served pulses o f  the am plified thunderstorm  events have w idths 
o f  ~  50 ns (see e.g. Fig. 14) like all other l o p e s  events, and are 
probably not ionization current pulses, w hich w ould have w idths
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o f at least 100 ns (see Sec. 3.3) We suspect therefore that it is the 
direct influence o f  the electric field on  the shower electrons and 
positrons that is responsible fo r the am plification o f  the radio 
em ission during thunderstorm  conditions.

The sm all distances betw een the antennas does not allow an 
evaluation o f  the lateral distribution o f  the radio em ission and 
l o p e s  only m easures one polarization, so no additional tests can 
be done to identify the m echanism  at the moment.

7. Conclusion

It is show n that during thunderstorm  conditions the radio em is 
sion o f  EAS is largely amplified. There are two m echanism s 
w hich can explain this am plification: acceleration radiation from  
the show er electrons and radiation from  a current pulse o f  (run 
away) ionization electrons. The m easured pulse w idths (~  50 ns) 
suggest that the latter cannot be the observed m echanism . To 
identify the m echanism  w ith  m ore certainty, m ore inform ation 
about the real pulse width, lateral distribution and polarization is 
needed. A t the m om ent, the l o p e s  experim ent is unable to p ro 
vide this inform ation, but w ith  future additions to the experi 
m ent, such as dual polarization, it w ill be possible to resolve this 
problem . Also, in  the short future, l o f a r  stations w ill be able 
to help find the answer, since they occupy a larger ground area, 
operate in  a w ider frequency range and m easure polarization.

For b o th  the l o p e s  and the l o f a r  experim ent it is advisable to 
keep detailed w eather inform ation, like cloud coverage, ground 
level electric field and the occurence o f  lightning strikes.

W ith l o f a r  it w ill be possible to trace lightning activity by 
three dim ensional im aging. This technique allows localization 
and m apping o f  lightning strikes, and possibly also thunder 
storm  processes em itting w eaker radiation such as stepped lead 
ers and high  altitude lightning. This offers unique opportunities 
and prom ises significant further advances in  this area.
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