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Abstract

LOFAR is a new form of radio telescope which can detect radigssion
from air showers induced by very high-energy cosmic raysaftalso look
for radio emission from particle cascades on the Moon indigeultra high-
energy cosmic rays or neutrinos. To complement the radiectien, we are
setting up a small particle detector array LORA (LOfar Radbgir shower
array) within an area of~ 300 m diameter in the LOFAR core. It will
help in triggering and confirming the radio detection of &iowers with the
LOFAR antennas. In this paper, we present a short overviemtdbtORA
and discuss its current status.

1 Introduction

LOFAR (the LOw Frequency ARray) is a new kind of radio telgsedor astro-
nomical observations in the frequency rangexof(10 — 240) MHz with high

*s.thoudam@astro.ru.nl
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Figure 1: Detectable CR energy ranges for LOFAR. LOFAR VHE@RTs to
the detection using air showers and UHEP to the detectiorgube Moon. Also
shown are the energy ranges for the LOPES and the Auger rap@iments.

sensitivity and high spatial resolution (http://www.lotag). It uses a large num-
ber of simple dipole antennas instead of the traditionalgaigabolic dishes. It
consists of40 stations in the Netherland§,in Germany and one each in Great
Britain, France and Sweden covering a total area of moretb@nhkm in diame-
ter.

Though primarily design as an astronomical telescope, L®EANn also be
used for the detection of very high-energy cosmic rays (GR$he interesting
energy region above)'® eV where the transition of galactic to extra-galactic CRs
is expected (Horandel et al. 2009, Horneffer et al. 2010his Wwill be done
by looking at extensive air showers which are essentialbcades of energetic
secondary particles produce by the interaction of CR piigsawith the nuclei
present in the atmosphere. A large fraction of these seci@msdare electrons and
positrons which produce radio synchrotron emission in tieegnce of the Earth’s
magnetic field (Falcke et al. 2005). Due to coherence efféigis emission can
give strong signals on the ground in the frequency range @¢fi0 — 80) MHz
detectable by the LOFAR low band antennas.

In addition, LOFAR can also look for the highest energy CRs1@utrinos
above around0?! eV (Scholten 2010). This will be carried out by detecting co-
herent radio Cherenkov emission from particle cascaddsedtibon induced by
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those CRs or neutrinos. At frequenciesof100 —200) MHz which is within the
range of the LOFAR high band antennas, the angular spreddsoémission be-
comes wider leading to more detectable signals at the EBniindifferent energy
ranges detectable by LOFAR are shown in Fig. 1 where the VHB@R/ High
Energy CRs) refers to the detection using air showers anditeP (Ultra High
Energy Particles) refers to that using the Moon. Fig. 1 alsmws the energy
ranges for the LOPES (LOFAR Prototype Station) experimdmthkvis located
at the KASCADE-Grande experimental site (Apel et al. 201@) the currently
building AERA (Auger Engineering Radio Array) experimenttee Pierre Auger
Observatory (van den berg et al. 2009).

One important goal of the LOFAR CR experiment is to push tlagordetec-
tion technique towards an independent way of detecting kiagly energy CRs.
By detecting the radio signals with better sensitivity aettdr spatial resolution
in a wider frequency range, we strongly believe that LOFAR priovide better
understanding of the measured signals, their emission anésrhs and their re-
lations with the air shower parameters, thereby leadingettebestimates of the
properties of the primary particle. Compared to the LOPEEf3ennas) and the
CODALEMA (24 antennas) experiments (Ardrouin et al. 200%)FAR has18
stations in its core (an areasf2 x 3 km?) with each station consisting 66 low
band antennas ant® high band antennas. However, at this stage, it is still quite
early for radio detection experiments to do a stand-alongystn CRs. There-
fore, we are also setting up a small particle detector aradteadt LORA (LOfar
Radboud Air shower array). Its main role will be to triggedaronfirm the radio
detection of air showers with the LOFAR antennas. It wilbahelp in the recon-
struction of several important air shower parameters liegrimary energy, the
shower core location, the arrival direction, the lateraisity distribution etc.

2 LORA set-up

LORA is setting up inside the LOFAR core within an area~0B800 m diameter.
It consists of 5 stations with 4 particle detectors eaclgqalaat a separation ef

(50—100) m between them. Itis expected to detect CRs with energiedagréhan
~ 10'% eV at an event rate of around once every few minutes. Detsiiedlations
about LORA as well as combined studies including the LOFAdRaaata will be

carried out as soon as possible. The schematic layout of @RA_detectors
arrangement is shown in Fig. 2 where the red stars represemdsitions of
the detectors and the circles denote the positions of theAEOd&nhtennas fields.
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Figure 2: Layout of the LOfar Radboud Air shower array (LORA}Jhe LOFAR
core. The red stars denote the positions of the particlectteteand the circles
denote the positions of the antenna fields. The detectorsoatained within an
area of~ 300 m diameter with relative spacings of (50 — 100) m.

Data collection in individual stations are controlled libgdy station computers
which are then controlled by a master computer where theathd&ta processing
is done.

2.1 Detectors

The detectors for LORA are taken over from the KASCADE expent (Antoni
etal. 2003). Each detector is (18 x 125) cm in size and consists of two slabs of
3 cm thick plastic scintillators. When a charged particleseashrough a scintil-
lator slab, the light which are produced are collected inpthatomultiplier tube
(PMT) through a wavelength shifter bar. The electrical algrfrom the PMTs
(one PMT for each slab) are then combined and fed into thdrelécs where
they are converted into digital signals.
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Figure 3: Example of a signal trace when a charged partidsgsthrough one
of our detectors.

2.2 Electronics

The electronics was developed originally for the HISPAR@Bas¥ment (http://www.hisparc.nl).
An electronics unit (hereafter referred to as HISPARC wrat) handle two chan-
nels (one channel corresponds to one detector) and thete@rmits per station

(a master and a slave). The master sets the event triggeitioorehd also pro-
vides the time stamp with a GPS receiver along wittba& MHz clock counter.
Data in each channel are handled by tifebit ADCs (so there are 4 ADCs per
HISPARC unit) which can measure voltages in the rang@ of 2) V. Event data
(signal) in a channel are sampled with a time resolutioh ®hs and are stored in

a total time window ofl0 us. Fig. 3 shows a typical signal of a charged particle
passing through one of our detectors. Data from the elecsare sent to the
station computer through USB.

Each HISPARC unit has a FPGA circuit built into it. This giveas observer
control over several parameters required by the elects@sovell as the detectors.
For instance, one can set the trigger thresholds, highgestarigger condition,
coincidence time window etc. at any time during the obséwahrough a user
software running at the station computer.
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2.3 Dataacquisition

Allthe PMTs are gain calibrated by adjusting their voltagesiatch the response
for single muons. When the signals in the two HISPARC unita station sat-
isfy some minimum trigger condition, the signals are serth&station computer
which then sends them to the master computer. The masterutermgombines
the signals from all stations and checks for good air showents. When an air
shower candidate is found, a first-level online analysiseisggmed to calculate
shower parameters like the arrival direction, shower cosatjpn, event size etc.,
and a trigger information will be sent to the LOFAR antennaltonp the cor-
responding radio data for the air shower. The master compakes less than
10 ms to process an event. This is necessary because the antevesto dump
their radio data corresponding to a particular event betfueg are overwritten in
a memory ring-buffer, known as Transient Buffer Board (TBB)

The DAQ software for LORA is developed in C/C++ language forux based
operating systems. The software (particularly the onlir@itoring tool) uses
several features of the ROOT package (http://root.ceyn.€n the monitoring
panel, important information is displayed which is usetuhtonitor the perfor-
mance of the system electronics and of the detectors dubisgreations.

The final data are stored in ROOT format and they consist af knds of
data. The first are the event data which are generated wheae\&r shower
event is detected. The data contain the event time stam@bbr gation and the
signal trace in ADC counts for each detector. The second éirtthta stores the
so-called one second messages from the HISPARC unit. Thasislgenerated
every second by the master device and it contains informatimut the number
of times the analog signal went over the threshold in thedasbnd for each of
the four channels. It also has important timing informatidrich can be used for
calculating an event time stamp with nanosecond accuralg. tfiird data kind
comprises several control parameters for the observationThis data is stored
every interval of time fixed by the observer at the start ofrthre The fourth kind
of data contains information about the noise level in ea@nnokl averaged over
some fixed interval of time.

The DAQ software and a preliminary data analysis softwake leeen tested
successfully on a LORA prototype installed at Radboud Usite (RU) Ni-
jmegen. The results from the prototype are presented iroll@ing section.
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Figure 4: Reconstructed air shower core distribution fod®H4vents collected
with the LORA prototype.

3 Resultsfrom the LORA prototype

The LORA prototype that we set up to test the electronics hadAQ software
consists of 4 detectors in @0 x 80) m arrangement. With that, we collected
more tharb000 air shower events in a total observation time~o236 hrs (~ 10
days) during April2010. This corresponds to an event rate of around once every
3 minutes. We have performed a preliminary analysis of tha tatreconstruct
the shower core position on the ground, the arrival directiad the energy of
the primary. The primary energy is calculated from the totainber of charge
particles on the ground using the parameterization givetiarandel 2007. This
simple estimate gives the energy threshold of the protdtype less thamn0'’ eV.
The shower core position is calculated using the centerafitrmethod and the
primary arrival direction is calculated using the relagpése timing informations
in the detectors assuming that the shower front arrives ila@epon the ground.
The normal to the shower plane gives the arrival directiahiirs characterized
by two angles: the zenith anglemeasured from the vertical direction and the
azimuthal angle> measured in the horizontal plane. Though detailed sinarati
is still yet to be performed, the energy resolution of LORAeigected to be
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Figure 5: Arrival direction distributiorid, ¢) for the 5463 events collected with
the LORA prototype.

< 30% and the angular resolution to kye1°.

In Figs. 4 and 5, we show the distributions of the reconstdicbre positions
and the arrival directiond, ¢) respectively. In Fig. 6, we plot the(top) and the
¢ (bottom) distributions separately. Thealistribution is fitted using the following

function,
dN

o
The fit parameters are found to be= 636 + 14.9 andb = 6.35 4 0.14. For thep
distribution, we fit it to a constant as

dN
dp
Eq. (2) is expected if the arrival direction of the CRs ardrigoic. However, in
our case we see a sinusoidal distribution with two dips one 21° and the other
at~ 270° which are due to the narrow arrangement of our detectorgset-u
It should be mentioned that at this stage, we do not aim tepara detailed

analysis and derive a final set of fit parameters which deteximiportant proper-
ties of the CRs. As already mentioned, our primary aim wasgbdur electronics

= a sinf cosf. (1)

c. (2)



and the DAQ software. The preliminary results from the prgie are in general
consistent with what we expect from CR observations witlshower arrays.

4 Current statusand future plans

The electronics and the DAQ software for LORA have been destecessfully.

The installation of all the LORA stations in the field is aldgacompleted and
the set-up is currently under testing. On the other hand, @®AR CR pipeline

software is under development and we are expecting to E&ditmultaneous ob-
servation of CRs with the radio antennas before summer 2011.
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