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Abstract: LOPES is the pioneering experiment for the measurementas eamission from air showers
with digital radio receivers. It is set up at the site of the B8ADE-Grande air shower array and takes
data in conjunction with it. This gives the unique possipilo combine LOPES and KASCADE-Grande
data. In the first phase LOPES consisted of 10 antennas plasidd the KASCADE array. In its second
phase it has been extended to 30 antennas, which increasstéietion rate of well reconstructed events.
Also a new, absolute calibration of the radio antennas isau@ilable. By correlating the measured radio
pulse height with air shower parameters measured by KASG&dhde, we have derived a formula that
describes the radio pulse height as a function of air shoeemgtry and primary particle energy. Thus
allowing us to estimate the cosmic ray energy from radio.data

Introduction advantages: Except during thunderstorm cor
tions one can measure day and night, giving
Measuring the radio pulses from air showers is a much higher duty cycle than, e.g., fluorescer
new method to measure high energy cosmic rays. telescopes. The radio waves are only very little
Compared to other methods it has a number of tenuated in the atmosphere. Thus, even though
cannot image the track of the air shower, the
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EAS RADIO PULSE HEIGHT

dio signal is a quasi bolometric measurement of the the conversion of ADC samples to voltage ¢
whole air shower evolution. This makes radio mea- essentially free parameters as they are also
surements complementary to ground based particlewhen measuring the electronics gain and thus ¢
detectors. cel themselves out. For LOPES we get the dir

LOPES is aL OFAR Prototype Station tailored  tion and frequency dependent antenna gain fr
to use digital technology to measure air show- full EM-simulations of the antennas and their si
ers. Thus, it is set up at the site of KASCADE- rounding structure. These simulations were ci
Grande overlapping with the original KASCADE firmed by partial measurements of the antenna ¢
array. LOPES uses quasi omnidirectional short Patter. For the first phase of LOPES the efft
dipole antennas for the frequency range of 40 to tive gain of the electronics was not well know
80 MHz and does direct sampling of the radio sig- du€ to the unknown match of the impedance of
nal. Itis triggered by a large event trigger from dipole to the input impedance of the antenna ¢

KASCADE-Grande and stores 0.82ms worth of Plifier. For the second phase of LOPES the ampl
raw data around each trigger. cation of the whole electronic chain was measu

In its first phase LOPES consisted of 10 antennas in one single_ process by placing a calibrated re’1
that were set up to measure the east-west polarizede nce transmitter above the antennas and compe
component of the radio signal. In the second phasethe measured values to the expected values[1]]
parts of the electronics were updated and LOPES Different experiments use different bandwidt
was expanded to 30 antennas. At first these anten-But as the pulses are rather short in time their sg
nas were also set up to measure the east-west poIrUm is relatively flat. So in order to get a valt
larized component. In the end of 2006 half of the thatis comparable between experiments the val
dipoles were reconfigured to measure the north- given are the field strength divided by the effecti
south polarized component, allowing full polariza- bandwidth:e, = A

tion measurement. For the second phase of LOPES

we also have an absolute calibration of the whole Beam Forming To increase the Signa| to nois
signal chain that allows us to convert the measured e combine the data from all available antenn

values to absolute field strength. The data streams from all antennas are shiftet
time and then combined. This process, cal
beam formingimplements a spatial filtering, i.e
it makes the resulting data more sensitive to sigr
coming from one direction and less sensitive to s
nals from other directions. To get the best perf

Field Strength Calculation The values mea-  mance we calculate what we call the CC-bearr
sured by LOPES are given in ADC samples from  the following way:

the receiver modules. These can be converted to

Determination of the Radio Pulse
Height

the actual field strength at the antennas with the ;| N1
following formula: celt] = s;[t]s4[t 2
1] N 2o sl @
=1 7>
A2 g 1
E= G 9.6.)¢ Acte(wyRanc Vapc (1) With NV the number of antennas,,[t] the time

shifted data from one antenna, anb,;,s is the
Herev is the observing frequencg ., is the number of unigue pairs of. antennas. The ;ign
gain' of the antennad,,.(,) is the total gain of each sample is the sign it had before taking
the electronicsy4p¢ is the voltage measured by square root.

the ADC, andR 4 pc is the input impedance of the  The difference between normal beam formi
ADC. (adding of the data samples) and the CC-bear

the same difference as between a phased array

The calibration values needed for this conversion . . .
interferometry in radio astronomy.

are the antenna gain and the amplification of the
electronics. The ADC impedance and factors for 1. Or directivity as it is also called.
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Pulse Height To get a robust value for the radio
pulse height we smooth the beam formed data by
block averaging over 3 samples and then fit a Gaus-
sian to the resulting peak. The height of this fitted
Gaussian is then used as the pulse height in the fur-
ther analysis.

Normalized Pulse Height

Pulse Height Par ameterization o o2 o4 o6

1—cos(Geomagnetic Angle)
— g - =

Event Selection For this analysis the data from
LOPES10 between January 2004 and September
2004 and LOPES30 between November 2005 and
September 2006 were combined. From this we se-
lected events for which we have good data from the
KASCADE array (including cuts on array proces-
sor status, shower core position, and reconstructed I
shower age) and had a minimum shower %ize S —
50 100

log(N,) > 5.2

. . Distance from Shower Axis [m]
From these we selected events with at least six L e e e N B e

log(Radio Pulse Height)

1.6 1.8

\

/

/

/
#
/
!

working antennas, a zenith angle smaller than 50 %
degrees, which were not taken during a thunder- T
storm, and in which a radio peak from the direc- if oL 4
tion of the air shower was detected. This left 207 o
LOPES10 events and 346 LOPES30 events for the -§
following analysis. =
o O *

Parameterization Formula The radio pulse
height measured by the east-west polarized anten-
nas of LOPES can be parameterized as a function
of the angle to the geomagnetic field, the zenith an-
gle, the distance of the antennas to the air shower
axis and the size of the air shower given either
by the muon number or an estimate of the pri-
mary particle energy calculated from KASCADE-
Grande data[4],[5]. The separated relations for the e sl
LOPES30 events can be seen in figure 1. 8 8.5

The fit is done in two steps. First the fits to the ge- log(Primary Energy/GeV)
omagnetic angle, the distance to the shower axis,
and to the shower size are done separately with
the LOPES30 events. Then in a second step the
LOPESI0 and LOPES30 events are combined ar'domagnetic field, the mean distance of the anten

the results from the separate fits are used as starting[0 the shower axis. the muon number. and the €

parameters in a combined fit. As there is no abso- . . L
. . . mated primary particle energy. The normalizati
lute calibration available for the LOPES10 events, is done by dividing by the fits to the other pararr

this fit also includes a free parameter for the height ; ; .

2 ters (geomagnetic angle, distance or shower si
of the LOPES10 events. Thus the absolute height @ 9 g ‘
is set by thg LOPES30 events,_ bu.t the LOPESI0 2. The value used is the so called truncated mt
events contribute to the determination of the other nymber from KASCADE-Grande[3].

log(Muon Number)
——

0.8

%

log(Radio Pulse Height)
0.2 04 Q0.6

Figure 1. Normalized radio pulse height plott
against (from top to bottom:) the angle to the ¢
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=g o pulse height can contain a significant noise ct
_ ul = 0.048 - ) L
N o1 = 0280 1 tribution which then leads to an overestimation

a 3 ' the energy (seen as excess events at poghfvén
S fig. 2). At high primary energies this ceases to b
i QL problem.
o
=z

o L 7 .

o Conclusions

o L =

One issue that has to be kept in mind is that t
analysis is only made with the east-west polariz
component. This is probably the reason for t
uncommonl — cos o dependence on the geoma
Figure 2: Spread between the energy estimatednetic angle, which is neither predicted by thec
from radio data using the inverse of equation 4 nor seen in the historical experiments as preset
and the primary energy provided by KASCADE- in [6].

Grande. For all selected events (top, solid lines) Nevertheless we have derived an analytical f
and for events> 10'"eV (bottom, dashed lines). mula to estimate the height of the radio pulse frc
only the air shower geometry and the primary p

. . : . ticle energy. As the shower geometry can also
parameters. This results in analytical expressions . ; . :
. ) determined from radio data[7] the inversion of tt
for the radio pulse height, one based on the muon

number and another based on the estimated pri_formula allows one to estimate the primary partic

mary energy: energy from radio data al_one: The combined ¢

tistical spread for the estimation of the energy

cost = (53 £ 4.9) (1.09 £ 0.017) — cos @) single events_from LOPES data and KASQAD

o\ (0.99£0.04) Grande data is 27% for strong events. This is

exp ((zzﬁ‘ﬁ) (ﬁ) [m’f\XHZ} 3 the same range as the fluctuations in measurem
with particle detector arrays alone.

Energy Est.: (Radio—KASCADE)/KASCADE

€est=(11£1.)(1.1610.025)—cos ) cos 0
)(0.95:(:0.04)[ v ] (4) References

m MHz

—Rga Ep
exp( (236£81) rn) ( Tol7ev

(With: o the geomagnetic anglé, the zenith an- [1] S. Nehls et al., Int.J.Mod.Phys. A21S1 18
gle, Rsa the mean distance of the antennas to the 191 (2006)

shower axisN, the truncated muon number, and  [2] S. Nehls et al., A&A. in preparation (2007)
E, the primary particle energy. The given errors  [3] T. Antoni et al., Astroparticle Physics
are the statistical errors from the fit.) Eq. 3 does \Vol. 24, 1-25 (2005)

not contain acos # term as the Muon number al-  [4] R. Glasstetter et al., Proc. ICRC208%293-
ready depends on the zenith angle. 296 (2005)
Equation 4 can also be solved for the primary en- [5] R. GlasstetteCosmic Ray Energy And Mas
ergy. With this one can then estimate the energy Estimator*

of the primary cosmic ray particle only from geo-  [6] H.R. Allan, Prog. in Elem. part. and Cos. R¢
metrical parameters and the measured radio pulse Phys., Vol. 10, 171 (1971)

height. Figure 2 shows the spread between the en- [7] D. Ardouin et al., Astroparticle Physics
ergy that was estimated this way from the radio Vol. 26, 341-350 (2006)

data and the value for the primary particle energy

provided by KASCADE Grande. This spread is the

convolution of the error of the radio measurement 3 and thus with little influence on the fit.

and the error of the KASCADE-Grande value. In 4 http://wweik. fzk. de/ ~r al ph/

events with low signal to noiSehe reconstructed  CREAM php
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