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Abstract: LOPES is the pioneering experiment for the measurement of radioiemfssm air showers
with digital radio receivers. It is set up at the site of the KASCADE-Geail shower array and takes
data in conjunction with it. This gives the unique possibility to combine LOPESK&®ICADE-Grande
data. In the first phase LOPES consisted of 10 antennas placed inski@S@ADE array. In its second
phase it has been extended to 30 antennas, which increases the det¢etidnvell reconstructed events.
Also a new, absolute calibration of the radio antennas is now available.rBslating the measured radio
pulse height with air shower parameters measured by KASCADE-@ravelhave derived a formula that
describes the radio pulse height as a function of air shower geometmyramary particle energy. Thus
allowing us to estimate the cosmic ray energy from radio data.

Introduction advantages: Except during thunderstorm condi-

tions one can measure day and night, giving a
Measuring the radio pulses from air showers is a much higher duty cycle than, e.g., fluorescence
new method to measure high energy cosmic rays. telescopes. The radio waves are only very little at-

Compared to other methods it has a number of tenuated in the atmosphere. Thus, even though one
cannot image the track of the air shower, the ra-
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dio signal is a quasi bolometric measurement of the the conversion of ADC samples to voltage are
whole air shower evolution. This makes radio mea- essentially free parameters as they are also used
surements complementary to ground based particlewhen measuring the electronics gain and thus can-
detectors. cel themselves out. For LOPES we get the direc-

LOPES is aL OFAR Prototype Station tailored  fion and frequency dependent antenna gain from

ers. Thus, it is set up at the site of KASCADE- rounding structure. These simulations were con-
Grande overlapping with the original KASCADE firmed by partial measurements of the antenna gain
array. LOPES uses quasi omnidirectional short Pattern. For the first phase of LOPES the effec-
dipole antennas for the frequency range of 40 to tive gain of the electronics was not well known

80 MHz and does direct sampling of the radio sig- due to the unknown match of the impedance of the
nal. It is triggered by a large event trigger from dipole to the input impedance of the antenna am-

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

In its first phase LOPES consisted of 10 antennas In one single process by placing a calibrated refer-

. nce transmitter above the antennas and comparing
that were set up to measure the east-west polarize
C the measured values to the expected values[4][5].
component of the radio signal. In the second phase

parts of the electronics were updated and LOPES Different experiments use different bandwidth.
was expanded to 30 antennas. At first these anten-But as the pulses are rather short in time their spec-
nas were also set up to measure the east-west polfum is relatively flat. So in order to get a value
larized component. In the end of 2006 half of the thatis comparable between experiments the values
dipoles were reconfigured to measure the north- given are the field strength divided by the effective
south polarized component, allowing full polariza- Pandwidth:e, = yos

tion measurement. For the second phase of LOPES

we also have an absolute calibration of the whole Beam Forming To increase the signal to noise

signal chain that allows us to convert the measured we combine the data from all available antennas.

values to absolute field strength. The data streams from all antennas are shifted in

time and then combined. This process, called

beam formingimplements a spatial filtering, i.e.,

. it makes the resulting data more sensitive to signals

Height coming from one direction and less sensitive to sig-
nals from other directions. To get the best perfor-

Field Strength Calculation The values mea-  mance we calculate what we call the CC-beam in
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

the actual field strength at the antennas with the ;| N1
following formula: cet] = T Z Z silt]s;[t] 2)
i _ ilt]s;
NPazrs i=1 j>i
o 47TV2/L() 1
E= G (0.6) Acte(v) Ranc Vapc (1) With NV the number of antennas,,[t] the time

shifted data from one antenna, aig,;,s IS the
Herewv is the observing frequencﬂ(a’(bw) is the number of unigue pair.s Of' antennas. The S|gn for
gaint of the antennad,,.(,) is the total gain of each sample is the sign it had before taking the
the electronics}4pc is the voltage measured by square root.

the ADC, andR 4 p¢ is the input impedance of the The difference between normal beam forming
ADC. (adding of the data samples) and the CC-beam is

the same difference as between a phased array and

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

| L | L | L |
Pulse Height Parameterization 0 0.2 0.4 0.6
1—cos(Geomagnetic Angle)
Event Selection For this analysis the data from = L
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 —_—
50 100
log(N,) > 5.2
. . Distance from Shower Axis [m]
From these we selected events with at least six e e L
working antennas, a zenith angle smaller than 50
degrees, which were not taken during a thunder-
storm, and in which a radio peak from the direc-
tion of the air shower was detected. This left 207
LOPES10 events and 346 LOPES30 events for the
following analysis.

W‘S
+
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log(Radio Pulse Height

log(Radio Pulse Height)

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[6],[7]. The separated relations for the

log(Muon Number)
—

+

0.6

i 1 ,

0.4

log(Radio Pulse Height)
0.2
\

LOPES30 events can be seen in figure 1. R 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
LOPES10 and LOPES30 events are combined and e .

omagnetic field, the mean distance of the antennas

the results from the separate fits are used as starting ', ' <1 (o avic the muon number. and the esti-

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

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

of the LOPES10 events. Thus the absolute height ters (geomagnetic angle, distance or shower size).
is set by thg LOPES30 events,. buF the LOPES10 2. The value used is the so called truncated muon
events contribute to the determination of the other nymber from KASCADE-Grande[1].

Figure 1. Normalized radio pulse height plotted
against (from top to bottom:) the angle to the ge-
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Figure 2: Spread between the energy estimated
from radio data using the inverse of equation 4
and the primary energy provided by KASCADE-
Grande. For all selected events (top, solid lines)
and for events> 10'7eV (bottom, dashed lines).

and the error of the KASCADE-Grande value. In
events with low signal to noiehe reconstructed
pulse height can contain a significant noise con-
tribution which then leads to an overestimation of
the energy (seen as excess events at pogkizén

fig. 2). At high primary energies this ceases to be a
problem.

Conclusions

One issue that has to be kept in mind is that this
analysis is only made with the east-west polarized
component. This is probably the reason for the
uncommonl — cos o dependence on the geomag-
netic angle, which is neither predicted by theory
nor seen in the historical experiments as presented
in [2].

Nevertheless we have derived an analytical for-
mula to estimate the height of the radio pulse from
only the air shower geometry and the primary par-

parameters. This results in analytical expressionsticle energy. As the shower geometry can also be
for the radio pulse height, one based on the muon determined from radio data [3] the inversion of this
number and another based on the estimated pri-formula allows one to estimate the primary particle

mary energy:

€est = (53 +4.9) (1.09 + 0.017) — cos a)

) (0.9940.04) [

—Rsa Ny Y
exp ((221:|:62)m> < m MHz

106

[©

€est = (11 £1.) (1.16 £ 0.025) — cos ) cos @

exp <(23g§§1A) m) ( )(0-95i0.04) [ ](4)

(With: « the geomagnetic anglé,the zenith an-
gle, Rsa the mean distance of the antennas to the
shower axisN,, the truncated muon number, and
E, the primary particle energy. The given errors
are the statistical errors from the fit.) Eq. 3 does
not contain acos # term as the Muon number al-
ready depends on the zenith angle.

Equation 4 can also be solved for the primary en-
ergy. With this one can then estimate the energy
of the primary cosmic ray particle only from geo-

E

e} A%
1017eV

m MHz

metrical parameters and the measured radio pulse
height. Figure 2 shows the spread between the en-

ergy that was estimated this way from the radio
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

energy from radio data alone. The combined sta-
tistical spread for the estimation of the energy of
single events from LOPES data and KASCADE-
Grande data is 27% for strong events. This is in
the same range as the fluctuations in measurements
with particle detector arrays alone.
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