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ABSTRACT

Context. The detection of radio pulses from cosmic ray air showergistantially powerful new detection mechanism for studyspgctrum and

composition of ultra high energy cosmic rays that needs torterstood in greater detail. The radiation consists gelaart of geosynchrotron
radiation. The intensity of this radiation depends, amahgiofactors, on the energy of the primary particle and trgeaof the shower axis with
respect to the geomagnetic field.

Aims. Since the radiation mechanism is based on particle actieleréhe atmospheric electric field can play an importate.rBspecially inside
thunderclouds large electric fields can be present. In thfepwe examine the contribution of an electric field to theéssimn mechanism
theoretically and experimentally.

Methods. Two mechanisms of amplification of radio emission are carsid: the acceleration radiation of the shower particlesthe radiation

O from the current that is produced by ionization electronsinmin the electric field. For both mechanisms analyticéinestes are made of their

arXiv:astro-

effects on the radio pulse height. We seleateet:s data recorded during thunderstorms, periods of heavy tlesd and periods of cloudless
weather. We tested whether the correlations with geomanaetjle and primary energy vary with atmospheric condgion

Results. We find that during thunderstorms the radio emission canrbegly enhanced. The present data suggests that the obdsamnyification

is caused by acceleration of the shower electrons and positin the near future, extensionsiobes and the construction aforar will help to
identify the mechanism in more detail. No amplified pulsesesfeund during periods of cloudless sky or heavy cloudinggggesting that the
electric field d€fect for radio air shower measurements can be safely ignanedginon-thunderstorm conditions.

Key words. Acceleration of particles — Elementary particles — Radiatnechanisms: non-thermal — Methods: data analysis —Cades

1. Introduction in the atmosphere. Furthermore, Wilson (1957) and Charman
) ) i i i (1968) suggested that ionization electrons, left behindhzy
The first detecu_on of radio pulses from extensive air shovE—AS’ emit radiation when accelerated in a background étectr
ers (EAS) was in 1964 (Jelley etal. 1965) and several emigsiy |nside thunderclouds the electric field can be largrigh
sion mechanisms have been proposed to explain them. Askang@,ccelerate the ionization electrons up to energies highgh
(1962) calculated the Cherenkov radiation resulting frére t produce ongoing ionization (typically 100 kV). This efect

negative charge excess in extensive air showers. Kahn &hkergs ¢jled runaway breakdown and a calculation of the asatia
(1966) considered two more mechanisms, both driven by the ggiq pulse is done By Gurevich et al. (2002).

omagnetic field. Firstly, the geomagnetic field separates &y-
ative and positive charges. The electric dipole createisntay
will emit Cherenkov-like radiation in the atmosphere. Swly, In the 1970's several groups did experiments with shower
the transverse current that is generated by the chargessiepar arrays and radio antennas. One of their aims was to infer the
produces a radiation field which is strongly beamed forwards correct emission mechanism from polarization measuresnent
the direction of the EAS. They predicted the latter mechan& Although most experiments were in favour of the transverse
be dominant. current mechanism, a large contribution of other mechasism
The atmospheric electric field also contributes to the totabuld not be excluded. Large spreads in radio intensityiina
radio emission. Charmah (1967) calculated tfiea of charge ity to filter out radio interference, and the significant bui- u
separation due to electric fields and concluded that thiece known efects of atmospheric conditions led to the abandonment
can contribute significantly when a large electric field isggnt of these experiment (see Baggio €t al. 1977). Excessivaig la
radio pulses of EAS during thunderstorms were found experi-
Send offprint requests to: S.Buitink@astro.ru.nl mentally by Mandolesi et al. (19/74).
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Recently, Gurevich et all (2004) reported the discovery ofed to estimate the field strength inside the cloud, a chignge
radio pulses of duratior 0.5 us associated with EAS duringthe (polarity of) the ground field is a strong indication tleage
thunderstorms at the Tien Shan Scientific Station in Kazalkhs electric fields are present overhead. In the context of EA®ra
These were detected with antennas sensitive to frequelneiesemission, ground level electric field mills can be used asrawa
tween 0.1 and 30 MHz. Theorte satellite has detected strongng system for violent electric phenomena in the atmosphere
intracloud radio pulses in the 26-48 MHz band, which are
correlated with discharge processes inside the thundetclo
(Jacobsanh 2003). 3. Electric field influence on radiation

The development oforar revived the interest in radio de- . L . o
tection of EAS| Falcke & Gorham (2003) describe the emissidi'€ atmospheric electric field acts on the radio emissiomfro
in terms of coherent geosynchrotron emission. Althoughwo e=AS in various ways. We distinguish two generations of elec-
plicit comparisons are made, they expect this mechanisne tot{pns: the relativistic electrons from pair creation in #88S
largely equivalent to the transverse current mechanisneesi (C@lled shower electrons from here) and the non-relaitvesec-
it also results from charge separation and is beamed forwalf@n$ resulting from the ionization of air molecules by theSE
Detailed simulations of the geosynchrotron emission froasE Particles (called ionization electrons from here). Thevetio

are presented ih Huege & Faltke (2003) and Huege & FalcRiEctrons are created together with an equal amount ofposit
(2005). = ) - In this section, we will use Gaussian units.

The Lopes experiment was set up at thkascape array site
in Karlsruhe, consisting of 10 and later 30 radio antennas se
sitive to radiation in the band 40-80 MHz. The presence of the
KASCADE particle detectors on the site, new techniques and mod-
ern hardware allow higher resolution and a higher detectitn
than the old experiments. In_Falcke et al. (2005) it was sho
that the measured antenna electric field is strongly cdaela
with the muon number and the angle of the shower axis wi
the geomagnetic field. The first correlation is a strong iation
that the radio emission from EAS is coherent, while the tatte
correlation proves that the dominant emission mechanisoh is
geomagnetic nature.

In this paper we investigate theoretically and experimgnta
the dfect of atmospheric conditions on the radio emission. We
compare sets of events that were recordeddrys under vari-
ous weather conditions: fair weather, large nimbostraimsds,
and thunderstorms. Under violent weather conditions, ffexe
of geoelectric mechanisms increases. When this incretmges AE = eNQIE|AX ~ 2 - 104V )
enough it may dominate over the geomagnetic emission mecha-
nism. Understanding thefect of atmospheric conditions onthe  \yhere|E] is the electric field strength, and we have used a

1. The electric force accelerates the shower electrons and
positrons, producing radiation in more or less the same way
as the magnetic field does. Thiffext is described in Sec.
B.1.
W?.‘ The ionization electrons are accelerated in the elefigid.

A radio pulse will be emitted from the short current that is
th Produced in this way. Thisfiect is described in Selc. 3.2.
Q. As the electrons and positrons move through the elecfit fi
they can gain or lose energy, which has an influence on the
electromagnetic cascade. When the electric field points up-
wards and the shower is vertical the electrons gain as much
energy as the positrons lose. However, when a charge excess
of € exists a shower with primary energs = 10'¢ eV and
electron numbeN ~ 10" moving through a thundercloud
sustaining a 1 k¥em vertical electric field over 2 km, the
energy gain of the whole shower will be:

emitted radiation is crucial for a correct determinatiothef pri- typical value ofe = 0.08. This corresponds te2% of the

mary energy from observed radio pulses. primary energy. This value is only a very rough approxima-
tion.

2 Electric fields inside clouds 4. The electric field acts on all charged particles in the EAS a

can thus influence the longitudinal and lateral development
We present some general characteristics of thunderstaseslb  of the EAS. This may ffiect the coherence and the shape and
on the information provided by MacGorman & Rust (1998). In  size of the radio footprint.
fair weather, i.e. atmospheric conditions in which eldietd
clouds are absent, there is a downward electric field presdie last two &ects can best be investigated by including elec-
with a field strength of~ 100 Vn1?! at ground level. The field tric field efects in a Monte Carlo code likarsixka (Heck et al.
strength decreases rapidly with altitude and has valuesabe|1998) and are not studied in this paper. The first tfeats will
10 Vm at altitudes of a few hunderd meter and higher. Thee further explored below. Although both mechanisms carbe r
associated fair weather current charges up cloud boursjdaee sponsible for a strong enhancement of radio emission, thry c
cause clouds have lower conductivity than the free atmasphebe distinguished by their temporal and spectral radiatiofilps.
Other dfects, such as ion capture and collisions between po-
larized cloud patrticles, also contribute to the chargingofip
clouds. Clouds can typically gain field strengths of a few-hu
dred Vnt. Nimbostratus clouds, which have a typical thicknesgne radiation part of the electric field of a moving electfiamge
of more than 2000 m can have fields of the order of 10k¥m gn pe expressed as (Jackson 1975):
The largest electric fields are found inside thunderstowhsre )
locally field strengths can reach values up to 100 k¥rin most
clouds this field is directed vertically (either upwards omah-  £(x, ) = €
wards, depending on the type of cloud), but thunderclouds co c
tain complex charge distributions and can have local fiahds i
any direction. Thunderclouds can have a vertical extert ®® wheree is the unit chargeR is the distance to the observer,
km. The electric field at ground level is stronglffected by the B = v/cis the velocity of the charge antis a unit vector point-
electric processes inside thunderclouds. Although it aatrbe  ing in the direction of the observer (approximating the adé

I.’I%.l. Acceleration of air shower electrons

nx [(n-p) x|
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refraction for radio waves in the atmosphere to be unitye Th The radiated power of an accelerated charge can be ex-

associated vector potential is: pressed in the following form, known as the Liénard result
(Jacksomn 1975):
A(X 1) ( ¢ )l/Z[RE] 3) 2¢2
X, - | — . .
4 P=3=7°|67- BB (9)

'Asf'thﬁ eLectron and pozitron pathc'jslar_e curved in the geomagm which it can be seen that the power is related to the accel
Eane.2 ands the vector potential n requency domain can QIO 8591 7%B] n case oflinear acceleration af o 44:
q P q Y fen the acceleration is perpendicular to the direction of m

calculated (Huege & Faicke 2003). tion. Furthermoreg, « y3F; andB, « y~'F,, whereF is a

We B 1) a . force in the direction of motion anHl, is a force perpendicu-
AR w) = \/_Tel 2 [ A (w) £ 8LA (w)] (4)  lar to the direction of motion. Comparing th&ect of these two
cr forces one finds:
where the plus-sign corresponds to electrons and the nsigns- 2 &€ _,
to positronsw is the angular frequency of the radiatia,the Py = §WFH (10)
unit vector in the plane of curvature of the trajectories @anthe hile:
unit vector perpendicular to that plane, both transverse Tthe while: 2
components are given by: _2 22
A= iﬁ (—2 + 92) K2/3(€) (5) which is a factor? greater. The Lorentz force is always perpen-
V3e Y dicular to the particles’ direction, but the electric foxan have
any angle with respect to the trajectory.
20 (L, 2"
A = Qﬁ: ()7 +0 ) K1/3(é) (6)
with (o)
E B
wp [ 1 3/2
£=— (—2 + 92) (7)
3c \y e
where K, is the modified Bessel-function of ordar 4 is the S
(small) angle between andg, and the radius of curvatugeis +
given by: e
_VymeC
P = eBsina ®)

wherev andy are the speed and Lorentz factor of the emitting
particle,B is the magnetic field strength ands the angle of the

trajectory with the magnetic field direction (the pitch azgil Fig. 2. The electrons and positrons make curved trajectories in

can be seen from Egil 4 that although the radio emission co S . ;
ponents of the electron and positron perpendicular to theepl the magnetic field. Under influence of a downward directed-ele

of curvature cancel out, the components in the plane of ¢urea [iC fi€ld. the positrons (electrons) are accelerated (degted).
The asymmetry in the trajectories will be reflected in thdoad

add up. -7
emission.
@ For a more detailed view we turn our attention to the vec-
B tor potential. We will treat a general case in which a lineacé

and a perpendicular force act on a charge and evaluate tter vec
potentials caused by these two forces. We define the unibvect
&, as perpendicular to the particle’s velocggyand lying in the
+ a orbital plane of the particle. From Edd. 4 we know that thesemi
€ sion from an electrgipositron pair is strongly polarized in this
direction. We therefore evaluate the vector potentialdradar
and perpendicular acceleration along this unit vector foola-
server in the orbital plane. Since both the charge@ivd Eqn.

have dfferent signs for electrons and positrons, the resulting

. ] ~ field is the same for both types of particles. For linear ameel
Fig. 1. The electrons and positrons travel along curved traject@on Eqns[? anfl3 reduce to:

ries in the magnetic field, emitting synchrotron radiation.
Ay6.1) =

e [ (1_22;9)3@] & (12)

4rC ret



Fig. 3.

tion as the Lorentz force for both species. The radio emisisio
amplified.

and for perpendicular acceleration:

=
4rC

&

ret

cosd -

AL0.1) = - ﬂcose)gﬁl}

(13)

whenn lies in the orbital plane of the particle. Note: the sub-
scripts toA refer to the type of acceleration (linear or perpendic-

ular) that cause the vector potential. For smaliese equations
can be written in the form:

e v0 . .
A6, 1) = 5 } 14
H( ) Zne |:7 (1 " 7202)3[3” retel ( )
P00 = [27 @+ ey }el ()

where the relativistic approximation (18)~* = 2y? is used. We
will now compare the peak values Af andA, . The peak ofj,
lies atyd = 1/2 and the peak oA, atd = 0. We find that:

Amax & YB3y < ¥?Fy (16)

A L max o 74BJ_ & '}’3FJ_ (17)

Electronpositron pairs are created in a horizontal
shower. The downward electric force works in the same direc-
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— The part of the electric field that is directed perpendicular
to the particles. The amplification depends on the force as
Namp o F. For a typical case of a horizontal shower in a
vertical electric field (see Fid] 3) with valués = 0.5 G,

a = 25° andyg = 30 the amplification factor is 1.15 for an
electric field of 1 kvnT! and 17 for a field of 100 kvmt.

The part of the electric field that acts linearly on the parti-
cles’ trajectory. The amplification depends on the force as
Namp o F/y0. For the case of a vertical shower in a vertical
electric field and the same characteristic values as mesdion
above the amplification factor is 1.5 for an electric field of
100 kvnr?,

As the particles are acceleratddcelerated their Lorentz
factor increasgdecreases. The amplification depends on
the Lorentz factor adNamp o (¥/y0)°. This efect depends
strongly on the track lengths of the particles. Supposerm pai
is created in a vertical shower in a vertical electric field an
the same characteristic values mentioned above. When the
particles have crossed an altitudefelience of 100 m the
positron has reached a Lorentz factor of 50, while the elec-
tron’s Lorentz factor is down to 10 (see Fid. 2). The cor-
responding amplification is (86~ 10°)/2 - 30° ~ 2.3. After

200 m the electron has changed direction and its radiation no
longer reaches the ground. The positron now has a Lorentz
factor of 70, corresponding to an amplification factor .6

At a height of 4 km the mean free path length of electrons
and positrons is in the order of a few hundred meter.

Amplification of emission from a complete shower

So far, only the emission of a single particle pair was diseds
Eqn[20 does not apply to complete showers, consisting offman
electron-paositron pairs with varying pitch angles, enesgind
track lengths. An observer at ground level can see the emis-
sion of a particle only for a fraction of its lifetime, sinchet
particle follows a curved trajectory. When the emissiomfro

a particle is amplified due to an electric force, this does not
necessarily mean that an observer will see an increase s emi
sion. The observed pulses of single particles have a duarafio
At = p/cy® ~ 10711 s while the total pulse of a shower is of the
orderAT = L/(2cy?) ~ 1078 s, whereL is the length of the to-

tal shower. The pulses of individual particles are distieolover

the periodAT, so the emission is not totally coherent. Since the

When an electric field is absent the peak value of the vector pumber of particles is much higher thaif /At the emission is

tential is:

Agmax  YeqcBsina (18)

also not completely incoherent.

The radius of curvature of a relativistic particle is given b
Eqn.[8. The time width of a single pulse, as measured by a

When an electric fiel& with pitch angles (defined as the angle ground observer, depends on the Lorentz factor and theeabpli

betweerkE andp) is present the peak value of the vector potenti

IS:

Ag max « ¥>q(cB sina + E siné) + y*qE coss

fprce asAt « y~2F 1. Some of the amplificationfiects men-

tioned in the section above will therefore not contributa total
increase of emission.

where the plus sign corresponds to the case where the electri The part of the electric force that is directed perpendicola
force and the Lorentz force act in the same direction and the m  the particle orbit increases the peak valué\giroportional
nus sign to the case where they act in opposite directions. Th to F.. The time width of the observed pulse goes down as

Lorentz factory can difer fromyg as a result of linear accelera-

F7! and the contribution to the integrated emission of the

tion or deceleration. Now we can define an amplification facto Wwhole shower remains the same.

Namp as:

AE,max

(20)

1 2 Ecoss
()

% vo) Bcsina

Three dfects can be distinguished that cause amplification:

(222

Ao max ~ Besina

— The part of the electric force that is directed along theipart
cle orbit does not influence the time width of the pulse (ini-
tially). However, the sign oA is dependent on the viewing
angle (see Eqi.13). When the pulses are distributed/sver
pulses of opposite polarity will be added and partially @&nc
out.
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— When the particle is accelerated its field strength increase
proportional toy®, while the pulse width decreasesa%.
The contribution to the integrated shower field strength
roughly increases witly. The power of the integrated pulse
increases with?.

Cosmic ray

From this treatment it appears that the increase in panieie
locity is the most important factor in pulse amplificatiom fm
integrated shower. However, when the time width of a pulse de
creases because the particles’ trajectory is bent ovegarlan-
gle this also means more observers will be able to see emissio
from that particle. In general, an observer will be able te ae lonization efectrons
larger fraction of the total amount of particles and, ffeet, an
amplification of the radio pulse. Geosynchrotron radiatic

The total amplification of a radio pulse from a complete
shower depends on the distribution of particles and thetipasi
of the ground observer and cannot be easily predicted. A de- .
tailed Monte Carlo simulation with realistic particle dibution 19-4. An EAS passes through a thunderstorm cloud emitting
will give more reliable results and is subject of furtheraach, the usual geosynchrotron emission. The ionization elesteve
For now, we can regard the amplification factor as given in_EqﬂcceIerated inside the cloud. In this picture the radigpiattern

as an upper limit for the observed amplification. is displayed as dipole r_adiation. The real pattern of a crre
pulse stters from difraction.

Current radiatio

Thundercloud

3.2. Acceleration of ionization electrons

The shower particles ionize air molecules and leave bemee f
electrons and positive ions. The electrons can recombitie Wi1
the ions in a time scale of seconds, but on a much shorter timé
scale of a few tens of hanoseconds the electrons attach to oxy
gen molecules forming negative ions (Wilson 1957). When an
electric field is present the free electrons are accelepatelic-

ing a current pulse. Because of frequent collisions then gai tachment timescalef-« ~ 100 ns) and the timescale asso-
drift velocity of ~ 100 s (Charmain 1968). The durationof the .o it the scalxgnof the runglway breakdown current

pulse depends on the attachment timeof electrons to oxygen At ~ Io/c ~ 200~ 300 ns(Gurevich et &1. 2004).

molecules (which is a function of the electron energy) ared th, o pulse from the shower particles will be polarized i th

angle under which the shower is viewed. In contrast to the ra- - :
diogemission from the shower electrgpasitrons the radiation pla}ne_ ofc_:urvaftut:e,_as n the geosynchroltron m_ecﬂamsrrt\_. The
h . polarization of the ionization current pulse is in the veati

is not beamed forward since the free electrons do not becomeplane of the current and the observer.

relativistic. The associated frequency up to which the eiois 3 T0 1aqiation from the ionization current is emitted ih al
is coherent is~ 10 MHz for an observer in the direction of the directions. while the radiation from the relativistic st

shower (inverse of 4t ~ 100 ns). - - :

When ionized electrons gain an energyeaf e, ~ 01— 1 particles is beamed forward, as shown in FEig. 4.
MeV they can ionize new molecules. If the electric field imaty
enough to accelerate ionization electrons to such eneagies- 4
cess called runaway breakdown (Gurevich et al. 1992) can o¢-
cur. The critical field strength d€; ~ 100— 150 kV/m, needed |n 2004, theLores array consisted of 10 dipole antennas, placed
for this efect, is present only inside thunderclouds. In the rugn the same location as thkascabe experiment/[(Antoni et al.
away breakdown process two generations of electrons are &@03) which provides triggers faores and records the muon
ated: relativistic runaway electrons and slow thermalted®s, and electron components of the EAS, used to reconstructthe e
which can both contribute to the radio signal. In [Eig. 4 the-co ergy of the primary and its direction. Presentkypes measures
tribution of the ionization electrons is schematicallypdés/ed. only the polarization in the east-west plane. A layout of e
A simple current would produce a dipolar radiation field. Thgerimentis shown in Fi]5. Details about the experime mtais
real radiation pattern will be more complex because of thiefingnd the reduction of the data can be found in Hffiereet al.
length of the current, the transverse width of the curredttae  (2004). Additional information about the weather was aiedi
existence of relativistic electrons. The radiation pattef the from a weather station at Karlsruhe (82'N 8°22'E) in the
runaway breakdown is calculated in Gurevich etlal. (2002ufo archive of a free weather serffer
vertical shower and resembles that of a current pulse. Tl®pu  Four sets of data were selected from the 2004 database of
amplitude is calculated to be several orders of magnitugledri | opgs:
than the geosynchrotron emission from the EAS.

The radio pulse from the shower electrons will have ap-
proximately the same width as produced by the geosyn-
chrotron mechanism and is dependent on the longitudinal
separation of the air shower particles. The pulse width of
the ionization current pulse is determined by the electton a

Experimental Setup

1. Events with the highestascape particle count. The events
in this selection have either a truncated muon number above
2. 10° or an electron number exceeding 50 (412 events
Both mechanisms can be responsible for an amplificationeof th spread over the period January-September).
radio pulse from EAS. There are several ways to distinguésh b
tween them: 1 http://meteo.infospace.ru/wcarch/html/index.sht

3.3. Distinguishing between the mechanisms
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Antenna Layout Table 1. Applied cuts on selections.

§ cuts largest conservative distant  radio
gL _ distance <91m <91m - -
= zenithangle <50° <50° <50° -
no. of antennas > 6 >6 >6 >6

c log(muonno) >53 >5 >5 -
% radio peak > 3o > 30 >30  largest
(o)
5 or .
= 5. Results
5 InlFalcke et al.[(2005) it was shown that the strength of tdéora

signal depends on the geomagnetic angle as ¢bsa) when
it is normalized with the (truncated) muon number. We show
. this correlation here, using the selection of events thtadirst
1 set listed in Sed.]4 and applying the cuts listed in Table 1 un-
der ‘largest’. In Fig[6 the normalized pulse heights aretpth

—-100

N S S RS SRS R
—-100 0 100

W—>E Direction 0 ; : ; : ; : _

Fig.5. Layout of the LOPES experiment. Boxes indicate posi- 5 ]

tions of KASCADE detector stations, fillingup an areaof 200m ¢ « ]

by 200 m, and circles indicate antenna positions <

™ -

o ]

2 :

T ~ ]

2. Fair weather events which took place during periods with 0 ioi ]

cloud coverage (9455 events spread over the period March-i — ]

September). ]

3. Events which took place while the sky was covered by nim- ]
bostratus clouds for more than 90% (2659 events spread over 0 0.2 0.4 0.6

the period January-March).

4. Events during thunderstorms, which were identified bkioo
ing at lightning strike mafisand the dynamic spectra of
ropes. The radio emission of actual lightning strikes showrig- 6. Normalized pulse height of the events from selection 1
up on these spectra as bright lines because the antenna @fgec[4, plotted against the geomagnetic angle. Excesg pul
nal is saturated. In our selection we only used thunderstorfieights are defined as the normalized pulse height minuftthis
that were visible both on the maps and the spectra. The radio
events that were recorded between these strikes or half an
hour before the first or after the last strike on the specta ar
regarded as thunderstorm events (3510 events taken fromagyhinst geomagnetic angle and a fit is made. The normalizatio
thunderstorms in the period May-August). is done by dividing by the truncated muon number and multi-

plying by 1@. In order to compare data points to this fit we will
Together, all these events form only a very small fractiocalculate the dference between the points and the fit, not the

of the totalLores database, because the weather informationriatio. The reason for this is that the ratio is a value thatis n

not complete and even if it was, most weather conditions aaalized for geomagnetic value. For an amplified pulse caused

not match the criteria of one of these selections. The setect by an electric field this normalization is not suitable. Theat
include events for which a radio signal was not detected. Thadiation can be seen as consisting of a geomagnetic pardt(wh
weather at theores site is expected to ffer only slightly from scales with geomagnetic angle) and an electric field paricfwh

the weather as archived at the Karlsruhe weather station.  does not scale with geomagnetic angle). We therefore dédfane t
To determine whether the radio peak is significant or notpulse height excess as thermalized pulse height minus the fit

cross-correlation beam was created. A combined signallof wlue (the diference between a data point and the fit in Eig. 6).

LopEs antennas is reconstructed by temporal shifting of the gulshe error-weighed mean pulse height excess is calculated as

in accordance with the arrival direction in thescape EAS data. N

The _CC—beam is the_n calculate_d b_y adding correl_ations _of Q,Ilz 1 Z Yi - 033 (21)

possible antenna pairs. The radio signal as a function & tim N & o

fitted with a Gaussian and is considered a detection whentthe fi )

ted peak is larger than the background noise by 3 sigma. SideereN = 3 o7, Y; are the pulse height excess values and

the amplitude calibration of the antennas is not yet coreplet the errors. Varioustféects are included in the calculation of this

the pulse heights are given in arbitrary units. In the scdkis €ITor:

paper this is not a problem, since we investigate relatifedi 2 _ 2 , ;2 | -

ences between sets of events. ' bg © it

1—cos(Geomagnetic Angle)

+ 02 (22)

2
phase ge

2 http://webcam.paanstra.nl/

whereo,g is the root mean square of the background signal and
otit is the error in the Gaussian fit to the measured radio pulse.
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Table 2. Mean pulse height excess. a higher chance to be detected onal8vel. The mean pulse
height excesses are listed in Talle 2.

cloudless nimbostratus thunderstorm
X 0.17 -0.15 1.27

An error in the phase calibration of the antennas translates
an erroro phase in the formed CC-beam. The antenna gain factor
depends on the signal direction, so an error in the signatedir
tion translates into an additional error in the gain facigg, The
last error is very small for zenith angles below 5Bor most ra-
dio pulsesopg is dominant, but for strong pulsesyhase gives
the largest contribution. All but one data point in Hi§. 6 @an
excess< 2. In the evaluation of the fair weather, nimbostratus

Pulse Height Excess
)_‘_4

| 1 | 1 | 1 | 1

I Thunderstorm + | 0 0.2 0.4 0.6

L % Fair Weather x|
L Nimbostratus o |

1—cos(Geomagnetic Angle)

Fig. 8. Pulse height excess is plotted against geomagnetic angle
- . for distant cut.

5
w
1

0
}_’_{
>

Pulse Height Excess/Nmu

Zenith Angle (degrees)

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

and thunderstorm events, three cuts were applied, whichlare
listed in Tablé L. In the ‘conservative’ cut the maximum diste
of the shower core to the array centre is 91 m and the zenith an- 75 8 85
gle of the shower must be smaller tharf 5Beyond these limits
the values of the general shower parameters may not be well re log(E)
constructed byascape (se€_Antoni et al. (2003)). Furthermore, ) ) _
at least 6 out of 10 antennas must have detected a radio $it§- 9. Pulse height excess is plotted against shower energy for
nal and the reconstructed muon number must exceéda0 distant cut.
the ‘distant’ cut the constraint on distance is dropped. ddre
servative cut yields only 3 thunderstorms events, 3 fairthera
events and 2 nimbostratus events. Their pulse height exass
plotted against zenith angle in Fid. 7. One of the three tekund  Some events have extremely nice radio pulses like in Fig.
storm events shows a large excess, while the other everitgeleVl3. The signal-to-noise ratio in the cross-correlatiomnhésee
from the fit within 1o-. Because of the low statistics we will fo-Fig.[14) is much larger than for other events and the coherisnc
cus on the results of the ‘distant’ cut, which leaves 14 out @Bry high. A selection of these events was made by eye (‘radio
3510 thunderstorm events (0.40%), 15 out of 9455 (0.16%) faut in Tabld_1l) and the pulse height excesses are plottedjin Fi
weather events and 7 out of 2659 (0.26%) nimbostratus evefliS. All of these events have signal-to-noise ratios-010. In
The detection rate increases considerably during thutaters the fair weather selection, 5 out of 9455 events had suchgtro
The detection rate during nimbostratus conditions alsmsde radio emission (0.05%), in the nimbostratus selection lafut
be slightly higher, but one should note that this is all lounter 2659 (0.04%) and in the thunderstorm selection 11 out of 3510
statistics. events (0.3%). The events that show a bright pulse becatise of

In Fig. [8 the excess pulse height for events offedent shower size appear near the bottom of the plot, because of the
weather selections are plotted against geomagnetic amigége normalization with muon number. Bright pulses from showers
the distant cut is applied. Figd.[8,]110] 11 12 containdhges with a relatively small muon number appear in the upper plart o
data points, now plotted against respectively EAS energsas the plot. Only thunderstorm events are present in this regio
timated bykascapg, zenith angle, azimuth angle and mean dis- To further check the uniqueness of the high excess thunder-
tance of the antennas to the shower axis. There is a biasdewatorm events, new selections of twin events were made frem th
events with a positive pulse height excess, because these hares database. For each thunderstorm event (A through K in

Pulse Height Excess
)_‘_4
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Fig. 10. Pulse height excess is plotted against zenith angle fieig. 12. Pulse height excess is plotted against mean distance to
distant cut. the shower axis for distant cutascape reconstruction of muon
number becomes unreliable above 91 m.
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Fig. 11. Pulse height excess is plotted against azimuth angle to

the shower axis for distant cut. Fig.13. Signals of tenores antennas for a very radio bright
event (event K in Figl_15). (Field strength values are noi cal
brated.)

Fig.[18) a selection was made of events with approximately th
same muon and electron number (both within 5%). The zenithy; in the original selection because no lightning strikesav

angle and mean distance to the shower axis of these Win®vepdip|e in the dynamic spectrum during these thunderstgrms
is not necessarily the same. The pulse height excessesctaur

for geomagnetic angle by dividing by the fit in Fig. 6, of all

events are plotted in Fig. L7 by group. For groups A throughé: Discussion

the pulse height excess of the thunderstorm event is signtfic

larger than those of their twins, while in groups G through I is found that during thunderstorms the radio signal froABE

the thunderstorm events have excesses similar to thoseiof tigan be strongly amplified. Due to the low number of events for

twins. The pulse heights are not normalized for mean distanghich the weather conditions could be reliably reconsedcit

to the shower core, since this dependence is not yet clesfly @as necessary to include events that were more than 91 m away

tablished. Any reasonable normalization (exg.exp(-R/100 from the array core. Theascapbe reconstruction of the muon

m)) will not change the appearance of Higl 17 significanty, i number is not fully reliable for showers with large zenitigln

the thunderstorm events of groups A through F still have muel a distant core. When the estimation of the muon numbeois to

larger pulse height excesses than their twins. low the calculated excess values will be too high. The camser
All the events that show a large excess in Eig. 15 have signiiive cut is the most reliable but leaves the fewest data point

icantly larger pulse heights than their twins, while the kxeess The distant cut leaves more data points simply becausedhere

events have pulse heights similar to their twins. In groug/& t many events with a distant core, not because they are detecte

of the twin events have a large pulse height excess. Lightnimore dficiently. Although the number of data points in the con-

maps and data from the weather station show that these eveetvative cut is too low for statistics, it reflects the staue of the

have also occured under thunderstorm conditions. (They wgiots where the distant cut is applied. Large excesses for-th
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Fig. 14. Cross correlation beam of the ten signals of Eig. 1¥ig. 16. Pulse height excess is plotted against the geomagnetic
The blue line is the cross correlated signal and the punpéeiti  angle for radio cut.
a Gaussian fit. (Field strength values are not calibrated.)

Thunderstorm events & Twins

r j T ' f ' F T I ThulndersltoArm event IO
o ; F ; 12} ©) Twin events X
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Groups
Zenith Angle (degrees
gle (deg ) Fig.17. Pulse height excess, corrected for geomagnetic angle,

Fig. 15. Pulse height excess is plotted against the zenith an@ite thunderstorm events A through K and their twins. In group
for radio cut. The thunderstorm events are labelled A thhdtlg E, two of the twin events are probably also thunderstormsven
(see text for details).

derstorm events were found, while the spread for fair weathe
and nimbostratus events is small. tics are not good enough to make a statement on whether this
Although some thunderstorm events show a large excefsture is coincidental or not. More data is needed to sthidy t
others fall inside the same spread as fair weather and ninabospossible correlation.
tus events. This can be because the selected time windows forThe twin events in Fig. 17 have the same muon and electron
the thunderstorm selection probably contains some timerbef number, but other EAS parameters vary. The values in this plo
and after the thunderstorms. Also, even when the thunderstaare normalized with muon number and corrected for geomag-
is at its strongest, the amplification of the radio emissidhde- netic angle. The spread in pulse height excess within a gobup
pend on the local field distribution inside the cloud and thgla twin events can be due toftérences in zenith angle, azimuth
of the shower axis with the electric field. angle or distance. The spread is, in groups A through F, small
During nimbostratus conditions no amplified radio emissiocompared to the pulse height excess value of the thunderstor
was found. This could be because the electric field is too weavent(s). When, in the future, a larger database of eveatait
or because these clouds have a smaller vertical extenthiban t able a similar analysis can be done for twin events that &laces
derstorm clouds and most showers reach their maximum abdlve same zenith angle, azimuth angle and distance.
the nimbostratus cloud, where no large electric field isgmes Radio pulses observed witlees typically have a width of
Figs.[9 through 12 show no correlations between the pul§8- 60 ns. Due to the 40-80 MHz band filtering any radio pulse
height excess and other EAS parameters (primary energyhzeshorter than that will appear broadened. Broader radioepuls
angle, azimuth angle and distance to the shower axis), vitrich however, do maintain more or less their original width. The o
dicates that the observed amplification is caused by thehgeatserved pulses of the amplified thunderstorm events havésvidt
condition. Fig[ 16 and perhaps FId. 8 seem to indicate that thf ~ 50 ns (see e.g. Fif. 114) like all othesees events, and are
amplified pulses cluster at low geomagnetic angles. Th&sstaprobably not ionization current pulses, which would havetivs
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of atleast 100 ns (see Sec.13.3) We suspect therefore thalié i MacGorman, D. & Rust, W. 1998, The electrical nature of s®(iew York:
direct influence of the electric field on the shower electramd " ng?fd_USIV-NlTre_S_S)G & Palumbo. G. 1974, 1. At Teive.. 36. 1431

i H H H4 H H andaolesi, N., Morigl, G., alumbo, G. , J. AlMOs. ysS., ,
positrons tha_t is responsible for th(_e_ampllflcatmn of thdiga Wilson, R. R. 1957, Physical Review, 108, 155
emission during thunderstorm conditions.

The_small distances be_tW(_een_the antennas_does not allow an Radboud University Nijmegen, Department of Astrophysics,
evaluation of the lateral distribution of the radio emissand IMAPP, P.O. Box 9010, 6500 GL Nijmegen, The Netherlands
Lopes only measures one polarization, so no additional tests carne-mail:S. Buitink@astro.ru.nl
be done to identify the mechanism at the moment. 2 Institut fur Kernphysik, Forschungszentrum Karlsruhe,

76021 Karlsruhe, Germany

7. Conclusion 3 ASTRON, 7990 AA Dwingeloo, The Netherlands

It is shown that during thunderstorm conditions the radigsem 4 Horia Hulubei National Institute of Physics and Nuclear
sion of EAS is largely amplified. There are two mechanisms Engineering (IFIN-HH), 077125 Magurele-Bucharest, Roiaan
which can explain this amplification: acceleration radiafirom

the shower electrons and radiation from a current pulseunf-(r  ° Dipartimento di Fisica Generale dell'Universita, 10125rifio,

away) ionization electrons. The measured pulse widthsQ(ns) Italy
suggest that the latter cannot be the observed mechanism. T o , )
identify the mechanism with more certainty, more inforroati Max-Planck-Institut fur Radioastronomie, 53010 Bonnri@any

about the real pulse width, lateral distribution and patatibn is
needed. At the moment, theres experiment is unable to pro-
vide this information, but with future additions to the erpe
ment, such as dual polarization, it will be possible to restihis 8 Fachbereich Physik, Universitat Siegen, 57068 Siegerméey
problem. Also, in the short futureprar stations will be able
to help find the answer, since they occupy a larger ground area? Inst. Prozessdatenverarbeitung und Elektronik,
operate in a wider frequency range and measure polarization Forschungszentrum Karlsruhe, 76021 Karlsruhe, Germany

For both the.opes and theLorar experiment it is advisable to
keep detailed weather information, like cloud coverageugd ~ *° Istituto di Fisica dello Spazio Interplanetario, INAF, B3l
level electric field and the occurence of lightning strikes. Torino, ltaly

Wlth. LOFAR It W'". be pos&blg to trace lightning activity by u Fachbereich Physik, Universitat Wuppertal, 42097 Wugaper
three dimensional imaging. This technique allows locailiza Germany
and mapping of lightning strikes, and possibly also thunder
storm processes emitting weaker radiation such as steppéel | 12 Radioastronomisches Institut der Universitat Bonn, 3382nn,
ers and high altitude lightning. Thigfers unique opportunities  Germany
and promises significant further advances in this area.

7 Institut fir Experimentelle Kernphysik, Universitat Hsruhe,
76021 Karlsruhe, Germany

13 Soltan Institute for Nuclear Studies, 90950 Lodz, Poland
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