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Data taken with a radio antenna array in combination with dineund-level air shower experiment
KASCADE-Grande at the Forschungszentrum Karlsruhe opethepossibility to measure large extensive
air showers with this new technique. The pulse height of theeoved radio signals scales with the primary
energy of the particles initiating the air shower. The deleece of the radio signal on the angle of the shower
axis with respect to the Earth’s geomagnetic field and theieotce of the radiation suggest that the radio signal
generation is due to the geosynchrotron mechanism.

I. INTRODUCTION a way out of this dilemma. However, their detection involves
considerable experimental difficulties [1].
Because of intensity reasons it is impossible to detect high
The composition, origin, acceleration mechanism, and thenergy cosmic raysE > 1 PeV) outside the Earth’s atmo-
propagation of the most energetic cosmic rays is still an unsphere. Detectors with sufficient collection power canret b
solved puzzle. The solution to these problems is complicateflown on satellites. Therefore an effective detection of air
by the fact that ultra high energy cosmic rays are extremelghowers, initiated by energetic primaries, at mountaii alt
rare. Only one particle per square kilometer and century artudes or ground level becomes mandatory.
rives at Earth with energies in excess oP4€V. Apart from Classical sampling techniques, like the KASCADE [2] or
the intensity also ‘classical particles’ like protons ambfmns  AGASA [3] arrays cover only a small fraction of the area
have difficulties in arriving from large distances. Photans  mostly in the tail of the cascade developing in the atmo-
significantly attenuated by gamma-gamma interactions witlsphere. Air fluorescence telescopes like HiRes [4] or those
blackbody, infrared, or optical photons, like-y — et +e~,  of the Auger experiment [5] have the advantage of record-
leading to typical attenuation lengths®fs 10 kpc. Also en- ing the complete longitudinal development of the air shower
ergetic protonsk > 6- 10'°eV) undergo photonuclear inter- in the atmosphere, albeit at the expense of a low duty cycle
actions with the numerous blackbody photons, ke p — (=~ 10%), because the detection of the feeble scintillatiamtlig
At —n+1tt ory+p— AT — p+ 10, thereby losing a large  requires clear, moonless nights. If these air showers aisid
part of their energy. Typical attenuation lengths for these  be detected in the radio band, the advantage of getting the fu
cesses ark ~ 10 Mpc. The consequence is that in the light of shower size by integrating over the longitudinal developime
photons and protons (even more so for heavier nuclei) oely thin the atmosphere could be combined with a near 100% duty
local universe is visible. Neutrinos would in principle pide  time. In addition, the radio detection can be accomplishied a



moderate costs in detectors compared to sampling or fluore$s fluorecence techniques, because the radio signal inésgra
cence techniques, but maybe not so low at costs in the refjuir@ver the whole shower development, while the fluorescence
network. signal allows also to determine the position of the maximum
of the shower developmeityay, Which is sensitive to the na-
ture of the particle that initiates the shower.
Il. GENERATION AND DETECTION OF RADIO SIGNALS Potential problems of the radio technique also consist-in ra
dio frequency interference, which, however, can be ovescom
The majority of air shower particles are electrons, posiro by digital filtering techniques and beam forming [9-11]. Due
and photons. Initially one third of the energy of the primaryto the omnipresent radio frequency noise radio detection is
particle is transferred to neutral pions which feed thetetec ~ only feasible at high energies (10'°eV) where the signal-
magnetic cascade via their two-photon decay. Further eled0-noise ratio becomes favourable.
tromagnetic energy results fror production in interactions
of secondary charged particles™(K*,...), so that eventu-
ally a large fraction of the primary energy is observed ircele I11. RADIO DETECTION AND THE LOPES ARRAY
trons and positrons. These particles travel with approteiga
the speed of light through the atmosphere. The thickness of The phenomenon of radio emission from extensive air
the shower disk moving through the atmosphere is just a fewnowers was experimentally discovered in 1965 by Jelley et
meters (corresponding te 10 ns), so that coherent phenom- 5 [12]. Early measurements in the sixties were compiled by
ena are expected for radio frequencies up to a few 100 MHzajan [13]. Theoretical descriptions of the phenomenonaver
Since the velocity of the electrons and positrons exceegls thyroyided by Kahn and Lerche [8] and Colgate [14] soon af-
velocity of light in air (\eiectron=> €/n, wheren is the index of ~ ter  Many ‘activities developed in the late sixties and early
refraction of air), one would expect a coherent productibn o seventies, but due to problems with radio interferencer poo
Cherenkov radiation due to the Askaryan effect [6]. Askarya time resolution, low statistics, and limited angular a¢eepe
argued that in electromagnetic showers an excess of @iClrOths field of research soon quieted down and became dormant.
over positrons must develop, because on the one hand positreyn|y with the availability of modern electronics and the pos
annihilation removes part of the positive charge V\_/hllG an th sibility of digital signal filtering and beam forming [9-115]
other hand Compton arlilelectrons add new negative chargeé the radio detection of extensive air showers became rejuve-
to the shower. For the generation of Cherenkov radiation th@ated as a realistic alternative to classical air showerdien.
effect of negative and positive charges — due to their chargg, addition, more comprehensive theoretical descriptams

imbalance — would no longer cancel, giving rise to a néfyjonte Carlo codes for the understanding of the phenomenon
Cherenkov signal. This phenomenon is expected to beCO”}?ushed the field [7, 16-19].

dominant in dense media, like water or ice. On the other
hand the electrons and positrons are deflected in the Earth’s g
magnetic field providing a source of geosynchrotron radia-
tion, which is believed to be the dominant mechanism of radio |
generation in the atmosphere. In air this process produces a
stronger emission than the Askaryan effect, since it ie®lv
all of the charged particles, rather than just the excesgyeha
as in the coherent Cherenkov emission [7]. Other genera-
tion mechanisms or interpretations like dipole radiatidue
to charge separation in the Earth’s magnetic field [8], or the
effect of molecular-field bremsstrahlung [7] are believeté¢
of minor importance.

The advantage of radio detection over air shower sampling [
or air fluorescence detection can be characterised as fllow

e simple, robust, and inexpensive detectors;
FIG. 1: Inverted V dipole antenna for the LOPES experimetg-in

e full day operation possible (maybe except thunder-grated into the KASCADE array. Only two ‘legs’ of the dipoleea
storms); equipped with antennas, such that only one polarisatioastreest
direction can be measured. In the background one can seessime
e integration over the whole air shower development, pro-tillator sampling detectors in wooden housings on the cangthe
viding information on the total shower energy; Forschungszentrum Kalrsruhe.

* wide field of view; The LOPES experiment (LOFAR prototype station; LO-

e low attenuation of the radio signal. FAR — Low Frequency Array [20]) is a prototype detector
system of a much larger array (LOFAR) to be built in the

The determination of the chemical composition of primaryNetherlands predominantly meant for radio astronomy. Ini-
cosmic rays using radio detection is more difficult comparedially LOPES comprised 10 simple inverted V dipole antennas
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(figure 1), called LOPES 10. It was later extended to 30 anten- '€ Q ; ‘ ]
nas (LOPES 30). These antennas are installed on the site of = ’ ’ . LOPES-10
the original and extended Karlsruhe air shower array (KAS- . . |
CADE [2] (figure 2) and KASCADE-Grande [21]) at the a
Forschungszentrum Karlsruhe. KASCADE and KASCADE- ’ .

Grande represent multi-detector setups which allow high pe
formance estimations of charged particles (electronsquiso
muons, and hadrons) in extensive air showers in the primary
energy range from #dto 10'8eV.
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FIG. 2: The main detector components of the KASCADE expenime
consisting of 16 clusters of scintillation counters of tleddiarray (in ' 10cmlead
total 252 detector stations), a special muon tracking deteand a 1 4cmiron
central detector incorporating a large hadron calorimeter
. . | ‘ 3 cm plastic
The 10, respectively 30 LOPES dipole antennas are i ; _ scintillator
placed essentially inside the original KASCADE array (200 oo
cm >

200nt) with some outside in the KASCADE-Grande detec-
tor system (800 800_ n, figure 3). The electrqn and MUON £/ 4: Cross section of one electron and muon detectioncamit
components of the air showers are measured in small statiolgting of scintillation counters in the stations of the KB&DE ar-
containing several scintillation counters each (figure 4). ray.

The antennas of the LOPES detector system operate in the
frequency range 40—-80 MHz. They are aligned in east-west

direction and are therefore only sensitive to the east-lirest . . . .
ear polarisation component of the radio emission. The netado is usually obtained fr_om_the electron component in the ar
of the LOPES antennas is triggered by the KASCADE array_shower, or by a combination of the electron and muon size.
The readout window for the antennas is 0.8 ms wide, and it The antennas for the initial LOPES 10 array were not cal-
is centered on the KASCADE trigger. The KASCADE array ibrated; however, for LOPES 30 a calibration has been per-
provides the information on the energy of the primary parti_formed with a commercial radio source operating at frequen-
cle initiating the air shower, the direction of the showeisax Cies between 40 MHz and 80 MHz. The radio source was po-
and the distance of the shower axis from the antennas. Thes#ioned 10 m above the antennas. The frequency was varied
data are derived from the lateral distribution of electr@m-  in steps of 1 MHz, 5MHz, and 10 MHz. The signal consisted
tons, and muons as observed in the various detectors of i a sine wave with a field strength Bf= 80pV /(m - MHz).
KASCADE and KASCADE-Grande arrays. The shower size, According to Allan [13] an estimate of the expected pulse
or the energy of the primary particle, initiating the shower amplitude of the radio signal, per unit bandwidth induced



by the air shower can be described by the following formula, The last criterion ensures that mainly large events are se-
. v lected, where a significant radio signal is expected.
gy = 20- ﬁ/ -sina - cosB - exp(—ﬁ) [m] , The analysis of the data is done offline and proceeds along
' the following lines:
where . .
e correction for instrumental delays;
Ep — primary energy of the shower in eV, , . ,
e gain correction for all electronic components;

o —angle between the shower axis and the geomagnetic o . )
field, o filtering of narrow band radio frequency interference;

6 — zenith angle of the shower e selection of antennas with significant signals;
R— distance to the shower axis. and o digital beam forming in the direction of the shower [9—
’ 11];

Ro(v,6) = 110m at S5 MHz is a scaling radius. e quantification of the peak parameters.

This formula, obtained from measurements of small band- - . . .
widths, should be considered as a guideline for radio detec- The_d|g|tal bgam forming presents an essen_tlal step in the
tion. In particular, the numerical scaling factor of 20 habé¢ analysis. T_he signals from the antennas are shifted and—cros_
considered with caution. correlated in such a way that the coherent pulse from the air

: : hower is optimised using the information of the zenith ang|
LOPES data have been analysed in many different Wayssf . :
One of the main aims of the pioneering LOPES experimen nd azimuthal angle from the KASCADE arrays [9]. Since

was to establish the feasability of radio detection of agveh he bulk of the radio signal originates mainly from the large

ers, and to clarify the production mechanism of radio emisNumber of electrons in the shower maximum — i.e. from an

sion. In special analyses the behaviour of distant evels [1 extended point source — it is also expected that the radiewav

the question of the zenith-angle dependence of radio produ<£r°nt' instead of being a plane wave, should have some curva-

tion, and the possibility for neutrino detection based afica ure. During the_ reconstruction _proce_dur_e this radius of cu
emission [22] was investigated. vature is taken into account by iterating it as a free parame-

; ter until the radio beam is maximal [10, 11]. This curvature
In general, LOPES data are selected by the following CUtS'parameter relates essentially to the ‘electromagnetisheh
e trigger from the KASCADE-Grande arrays; front.

Typical radio events have amplitudes in the frequency
a successful reconstruction of the air shower with therange of 40-80 MHz of somgV /(m - MHz) corresponding
core position inside the KASCADE-Grande arrays; o electrical fields of ~ 150uV/m. It has to be noted that at
coherence the radio poweris proportional to the square of
the electric field.

zenith angle smaller than 50

Eyg>4-108eV:

distance cut depending on the energy (B.¢.200 m at IV. RESULTS
10eV,R< 400m at 4 10" eV);

The big advantage of radio detection of air showers in a
phased array is that radio antennas in principle look in all

The analysis in this paper is based on LOPES 10 data. Thdirections in the sky at the same time. For a known angle
LOPES 10 antennas are essentially placed inside the okiginaof incidence of the air shower — in this case provided by the
smaller KASCADE array (see figure 3). Therefore, the anal KASCADE arrays — the signals can be phased in that direc-
ysis relies predominantly on properties given by the oagjin tion by remotely adjustable delays. Offline many different d
KASCADE set-up. The offline analysis of the LOPES 10 datarections can be tested by the method of phased digital beam
required a trigger from the traditional, smaller samplingg,  forming [10, 11]. This technique also works without using th
and the following cuts were applied [9]: information of the shower direction.

‘ L The electric field as measured at each antenna corrected for
o the KASCADE event readout was ‘good’, in the Sense,q arrival direction still shows a lot of incoherent noised
that the array processor was working properly; figure 5, [23]).

« the distance of the shower core to the KASCADE array 1h€ noise is due to incoherent radio signals from the
centre was less than 91 m, corresponding to the effectivEASCADE readout sampling detectors (scintillation couste
radius of the KASCADE array: with photomultiplier readout). The advantage of the cross-

correlated beam forming is that a radio peak from a real co-
e the electron number was greater thaa®, or the trun-  herent pulse always has a positive sign, while peaks from in-
cated muon number (i.e. the number of muons in thecoherent noise can also have negative sign, so that inatthere
distance range of 40-200m from the shower axis) wapulses present in the signal can cancel. The sum of the delay-
greater than 210°. corrected electric fields from all antennas squared forahees

e approximately uniform pulse heightin all antennas.



Brazilian Journal of Physics, vol. ..., no. ?, ???? , 2006 5
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FIG. 5: Superposition of the electric fields of all antennas dn

individual shower event. The various pulses are delayected for P P P 6 .o no o

the arrival direction of the air shower [23]. 340 350 S
AZEL Langitude

event as in figure 5 is shown in figure 6 [23]. The time offsetFIG. 7: False colour radio map of an air shower event. Therreco
of ~ 1.8ps of the radio signal with respect to the KASCADE Structed image of the shower is seen as bright blob at thescefthe
trigger is due to hard-wired delays. flgure. Other wea_k signals surrou_ndlng the central bng_himaax-

Figure 7 shows an example of a false colour radio map ofmum result from interferometer sidelobes by the sparsioraday

? . . . and from background noise in the radio signals [15]. AZEInd&a
an air shower event. By analyzing the arrival times of the . a-inith and Elevation.
radio flashes the direction of incidence of the shower can be
independently determined. The result of such a shower recon
struction is seen as central blob in the figure. Other weak sig o distance to the shower axis:
nals surrounding the central brightness maximum resuth fro
interferometer sidelobes by the sparse radio array and from e angle to the geomagnetic field;
background noise in the radio signals [15]. ) )
e azimuthal and zenith angle of the shower.
[1] Event1073867291-10101

Since electrons and positrons are responsible for thesadio
synchrotron signal generation, the radio signal shoulg onl
depend on the total number of electrons and positrons (the
‘electron number’) in the shower. However — due to propa-
gation effects in the atmosphere and the way of measurement
L i — the recorded radio signal also depends on the azimuthal an-
gle, the zenith angle, and the fact that only one polarisatio
measured. In particular, due to the generation mechanian, t
dependence of the radio yield on the angle of the shower axis
with respect to the geomagnetic field plays a special role.

4x10*
.

3x10*

f(x)°2 [Counts]°2

2x10*
.

10%

- : It is not easy to disentangle the various correlations for
these dependencies. When, for example, the dependence of
) the radio pulse height on the geomagnetic angle is to be ex-

—— - — - — tracted, the dependence of the radio signal on the showeer siz
Time [4Seconds] and the lateral distance of the shower must be considered and

corrected for. In the same way, the dependence of the radio

FIG. 6: Sum of delay-corrected electric fields from all am@s  Signal on the electron or muon number must take into ac-
squared for an individual event [23]. count that geomagnetic angle and core distance effects have

to be corrected for. In the following it is tried to present-va

The pulse height of the radio signal is proportional to thelous functional dependencies of two parameters each where
integrated track length of all electrons and positrons@ain ~ the correlation with other parameters is taken into account
shower. It should depend simultaneously on a number of other The analysis of LOPES data, as presented in the follow-
parameters, namely ing, is based on primaries with energies abovelG°eV
which are observed by the smaller KASCADE array and
e number of muons; LOPES in coincidence. The efficiency for radio detection by




LOPES - as derived from measurements in coincidence with >
the KASCADE-Grande array [10] — depends on the primary
energy. It is appoximately 60% for primaries with energies
exceeding 210’ eV. There is a number of reasons that this
efficiency cannot be 100%. Firstly, there is a detectiondtwe
old for radio showers which, among others, depends on the
ambient radio background. Secondly, the present LOPES de-
tection system is sensitive to only one polarization diett
and thirdly, if the shower is incident along the directiortiud
geomagnetic field, there will be very little synchrotron emi
sion.

The following results are based on a sample of events that 5 5.5 6
have been collected from January to September 2004 [9].
Out of 630000 events coincident with KASCADE 556 626 log(Muon Number)
‘good’ data from KASCADE have been found. Since the ef-

1:::;ernceynfeorr rac:)lglder;[ie(;]tl(;?]; Strgr?gxe?:%?;gegég: ;gleegtneahower after the signal amplitude has been corrected fayabmag-
y 9y, y hig 9y etic angle and the distance to the shower core [9]. The ewpatal

For the subsample of energetic Showers 412 ‘good’ KAS'point in the first bin is biased by the efficiency for a poor sigto-
CADE events were selected, out of which 228 had a cleapgjse ratio at low shower sizes.

radio peak, corresponding to an efficiency for this sample of
55%. For these LOPES 10 events the radio pulse height nor-

0.5

log(Radio Pulse Height
0

FIG. 9: Variation of the radio pulse height with the muon of¢he

malised to the muon number (i.e. essentially to the shower si /g © i
or equivalent primary energy determined from the muon data) .© ©
and distance to the shower axis shows a clear correlatidn wit £ |
the geomagnetic angle (figure 8). v O n
0
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o F 1 FIG. 10: Variation of the radio pulse height with the elentisize
= = : * : * : * = of the shower after the signal amplitude has been correctethé
0 0.2 0.4 0.6 geomagnetic angle and the distance to the shower core [9].

1—cos(Geomagnetic Angle)

FIG. 8: Radio pulse height normalised to the muon number @d d uated in different ways depending on where they are gener-
tance to the shower axis as a function of the geomagneti@angl ated, the radio signal mainly originates from the large num-
terms of 1— cosa [9]. ber of particles in the shower maximum while the observed
electron number is given predominantly by the local produc-
Primaries incident parallel to the geomagnetic fieldtion in the tail of the atmospheric shower. On the other hand,
(cosa = 1) can produce very little synchrotron radiation be- muons present in the shower maximum can penetrate down to
cause the transverse momenta of shower particles areysuatiround level because of their small energy loss. These fea-
very small. tures are not unexpected for the observed energy range-acces
If the muon data are corrected for the geomagnetic anglsible to the KASCADE and KASCADE-Grande experiments,
effect a clear correlation of the radio pulse height with thealso with respect to the fact that these experiments are oper
shower size in terms of the muon number is observed (figating essentially at sea level where most of the showers are
ure 9). far beyond their shower maximum. For these reasons it is ex-
A correlation of the radio signal with the electron numberpected that the muon number is a better tracer of the shower
in the shower is also observed, but it is less pronounced conenergy. Another uncertainty that will certainly take anunfl
pared to the muon case (figure 10). ence on the correlations is the unknown primary particlesnas
This may be related to the following: Even though the ra-because the shower size in terms of muons and electrons does
dio signal originates from all phases of the longitudinal de depend on the atomic mass of the primary particle initiating
velopment, and considering the fact that the signals aea-att the shower. Also, the missing zenith angle correction might
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have an impact on the correlation of the radio signal with thepulse height scales like a power law with a spectral index of
electron and muon number. 1 with the shower energy, and it is correlated with the geo-
magnetic angle, which is a clear indication that the produact
mechanism is geosynchrotron radiation.

The discussion of the zenith-angle dependence of the radio
signal is somewhat intricate. For the energy range in ques-
tion the total number of electrons depends very little on the
zenith angle, because the shower maximum is relatively high
in the atmosphere. Therefore the radio signal should also
not depend significantly on the zenith angle. On the other
hand, the recorded shower size at sea level does depend on
the zenith angle, since the absorption of the electrons chmu
stronger than the attenuation of the radio signal. Thisd¢ad
- a smaller recorded shower size, producing less noise for the
8 8.5 radio detection, making the radio signal look cleaner, beea
of the improved signal-to-noise ratio. Also, for a fixed trégy
threshold, inclined showers are on average of higher energy

FIG. 11: Variation of the radio pulse height with the primagyticle ~ @nd since they are ‘old’, the “footprint’ of the radio signal
energy of the shower as derived from the electron and muan sizSmeared over a larger area, thereby easing radio detention i

after the signal amplitude has been corrected for the geoetizg @ Widely spaced array [19]. In addition, for larger zenith an
angle and distance to the shower core [9]. gles the angle with respect to the geomagnetic field becomes

more favorable. If all these interdependencies are coresige
is believed that the radio pulse height should show norclea

0.5

0

log(Radio Pulse Height)

log(Primary Energy/GeV)

Finally, figure 11 shows the dependence of the radio puls. . . :
height on the primary particle energy, which has been ddrive%ependence neither on the zenith angle nor on the azimuthal

from the combined electron and muon number of the showerangle if the radio signal is s_cal_ed With the muon number an_d
The analysis of the available statistics of radio signais fo the effect of the geomagnetic field is taken into accounts Thi

KASCADE and KASCADE-Grande triggered and selectedmh""vIour is also confirmed by the data [9)].
events leads to the following results:

e angular resolution of the shower axis of better than 1

) ) V. SUMMARY AND CONCLUSIONS
¢ width of the radio cone of a few degrees;

e duration of the radio flash of 45 ns. LOPES has verified the phenomenon of geosynchrotron
emission of extensive air showers. With digital filteringdan

For completeness the dependence of the radio pulse heighipss-correlated beam forming the radio pulses can be mea-
on the distance from the shower axis is presented in figure 12y,red even in a radio loud environment. The radio pulse teigh
depends — as expected — on the geomagnetic angle. After ge-
omagnetic angle correction the radio pulse height is styong
correlated with the muon number, and also with the electron
number, even though the correlation with the muon number is
somewhat more pronounced. This means that the radio pulse
height scales with the shower energy. In principle, theaadi
measurements also allow to determine the shower core posi-
tion, the angle of emission and the shower width. Still there
is room for improvement towards a detailed understanding of
the interplay of the different shower parameters.

One must, however, remember that the LOPES results have
—t— so far been obtained in an offline analysis based on selected

50 100 air shower data triggered by a classical air shower sampling
array. A stand-alone radio detection array, like LOFAR [20]
still needs to verify the results obtained so far.

FIG. 12: Variation of the normalised radio pulse height vdistance The better duty cycle of radio detection, compared to air
from the shower axis after scaling for geomagnetic angleshosver  fluorescence techniques, and the integration over thedfidl |
size effects [9]. gitudinal development, compared to ground-level samptng
reason enough to forecast that radio detection is an ateact
The radio pulse is coherent (the thickness of the shower disind cost-effective alternative for air shower measuremant
is smaller than the wavelength of the emitted radio wave), th high primary energies.
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