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of Fig. 5. The dashed lines represent the expected
energy deposit of single cosmic-ray muons taking
their angle and momentum distribution into
account.

3.3. Muon detector

The layout of a muon detector placed below the
shielding is shown in Fig. 6. It consists of four
3 cm thick plastic scintillators of the type Bicron
BD-416 ð90 " 90 cm2Þ: The light is coupled out on
all four sides by wavelength shifter bars and
transferred via lucite light guides to four 1:500

photomultipliers (type EMI 9902 or Valvo
XP2081) using silicon pillows for the connection.
The read-out of the scintillators by two photo-
multipliers using the wavelength shifter technique
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Fig. 5. Average energy deposit for single muon trigger in the
e=g-detectors (upper graph) and the m detectors (lower graph).
The dashed lines represent GEANT 3 simulations taking the
angle and momentum distribution of muons into account.

wavelength 
shifter bars

photomultiplier
tubes

light guides

plastic 
scintillator

light tight 
box

A B

CD

PM1

PM2

PM3

PM4

19
2 

cm

Fig. 6. Sketch of a muon detector in an array detector station.
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Fig. 4. Sketch of a fully equipped array station with four e=g detectors on top of a Pb/Fe absorber plate and a segmented muon
detector.
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PDP liquid scintillator:
2 g/l PMP 1-phenyl-3-mesityl-2-pyrazoline
in 80% (volume) paraffin and 20% pseudocumbne

scintillating decay time: 2.5 ns
good transparency, working at low temperatures

PMTs: EMI 9822 and Valvo XP3462

8% energy resolution at 12 MeV
time resolution (passing muons): 0.77 ns
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four 3 cm thick plastic scintillators: Bicron BD-416 (90 cm x 90 cm)
PMTs 1,5“ EMI 9902 or Valvo XP2081

2% spacial non-uniformity
time resolution: 2.9 ns
energy resolution: 10% at 8 MeV



Jörg R. Hörandel, Astronomical Instrumentation 2020/21 �64

Event reconstruction in the scintillator array

shower core r = 2.5 – 5.5 m

shower direction  = 0.5° – 1.2°

shower size Ne/Ne = 6 – 12 %

electromagnetic component
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KASCADE  
GRANDE Array

KASCADE
200 m x 200 m

37 detector stations

370 m2 e/γ: 
scintillation counter

700 m

700 m

G. Navarra et al., Nucl Instr & Meth A 518 (2004) 207 

information of the total energy deposit and the arrival time of the
first particle in the module.

2.3. The Grande array

The Grande array is composed of 37 detector stations installed
over an irregular triangular grid with an average spacing of 137 m,
thus covering an area of approximately 700 !700 m2. Each
detector station includes a total of 10 m2 of plastic scintillators.
This is realized by 16 individual stainless steel boxes of 1 mm
wall thickness, each housing a 80!80!4 cm3 NE102A plastic
scintillator slab and a PMT. We shall call this a module. The inside
of the boxes is painted with a diffusing coating. The scintillators
are viewed from the bottom at a distance of 30 cm by a XP3462B
PMT for timing and particle density measurements (high gain
(HG) PMTs). The four central modules are equipped with an
additional PMT which is operated with a high voltage (HV) divider
optimized for high linearity even at large particle densities (low
gain (LG) PMTs). A sketch of the 16 modules of a station is
depicted in Fig. 5.

The station electronics located also directly in the detector
station consists of:

" two passive mixers (CAEN N169), summing up the signals of
the 16 HG and of the 4 LG PMTs, respectively;
" two analog multiplexers, allowing to select the signals of

individual PMTs (for testing and HV setting);
" a shaping-amplifier (CAEN N442) with 3 input and 4 output

channels. The inputs are: (1) sum of HG PMTs, (2) sum of LG
PMTs, and (3) signal of single PMT selected for calibration. The
amplitudes, A, of the output signals (range 0–8 V, rise time of
8ms) are proportional to the charge integrated at the
respective inputs: (1) AHG¼ 2.5 mV/pC, (2) AHG!10 ¼ 25 mV=pC
(i.e. input (1) is split into two channels of different amplifica-
tion), (3) ALG¼ 5 mV/pC, and (4) ACal-Ch¼ 50 mV/pC. The
dynamic ranges, D, covered by the measurement channels
are roughly: DHG!10 ¼ 0.03–8 particles/m2, DHG¼ 2–80 par-
ticles/m2, and DLG¼ 40–800 particles/m2;
" a double threshold discriminator for triggering and timing

measurements. The thresholds are set to $ 12.5 mV for timing
and $ 24 mV (1/3 of m.i.p. signal) for triggering;
" thirty-two channel passive, software programmable HV divi-

ders (CAEN SY170), distributing the two high voltages received
per detector station in steps of approximately 2 V individually
to the 20 PMTs; and

" a microprocessor, linked by means of optical fibers to the
central processor for driving the multiplexers and the HV
dividers.

All connections to the Grande DAQ station are realized by means
of 700 m cables (5 for the analog signals, 2 for high voltages, and
two optical fibers). A schematic view of the signal processing of a
detector station is presented in Fig. 6.

2.4. Grande data acquisition

The Grande data acquisition, localized in a dedicated central
container (see Fig. 2), is summarized in Fig. 7. Inputs to the
Grande DAQ are:

" the shaped detector signals and logic/timing signals from the
37 stations (for measurements and calibrations);
" the KASCADE-Grande timestamp signals (1 Hz and 5 MHz);
" the KASCADE-Grande trigger from the KASCADE components.

The DAQ includes the following components:

" receivers for the logic/timing signals, for shaping and adapting
for further processing;
" a coincidence logic which generates trigger signals from the

incoming logic signals of the stations whenever they fulfill the
required conditions;
" the single particle trigger logic which facilitates to select one of

the stations for on-run calibrations (single particle spectra);
" a real time clock module which creates a timestamp for the

generated trigger signals;
" four Peak-ADCs (CAEN V785: 12 bits, 32 input channels,

dynamic range 8 V, 2 mV LSB) which digitize the amplitudes of
the three shaped photomultiplier signals received from each
detector station;
" one TDC (CAEN V767: 20 bits, 128 input channels, dynamic

range 0.8 ms, 0.78 ns LSB) which measures the time differences
between logic run signals during an air shower event;
" two pattern units (CAEN V259N: 16 input channels) which

store the trigger source of the event;
" four scalers (CAEN C257) for single module trigger rate

measurements; and
" the DAQ PC, executing the online software which controls and

reads out all other devices. The PC drives optical fibers
concentrators communicating with individual stations for
selecting one of the PMTs on the calibration channel, and
programming the HV dividers.

The Grande array is organized in 18 trigger clusters overlapping
with each other. Each cluster includes seven detector stations: six
in a hexagonal shape and a central one. The data acquisition is
triggered by either a 4/7 coincidence from a cluster (4 stations in a
compact configuration, i.e. the central plus 3 neighboring stations
of the hexagon; trigger rate: % 5 Hz) or by the KASCADE central
trigger (trigger rate: % 3:5 Hz). In addition, any full 7/7 coin-
cidence (rate: % 0:5 Hz) from a cluster is transmitted also to
KASCADE for a full read-out of all detector parts forming a
KASCADE-Grande air-shower event used for further processing.
The acquisition dead time is 0.5 ms.

Apart from air shower events, two additional event classes are
acquired:

" Single particle events obtained by single modules within a
detector station. With three of such events taken after every
recorded air shower for calibration purposes, this amounts to

3.4
m

3.4m

Fig. 5. Sketch of a Grande scintillator detector station illustrating the arrangement
of the 16 modules equipped with HG PMTs. The inner four ones are additionally
equipped with a second LG PMT.

W.D. Apel et al. / Nuclear Instruments and Methods in Physics Research A 620 (2010) 202–216 205
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about 15 000 events for each station every 6 h. During the
acquisition of these events the air shower trigger is inhibited.
! Scaler data, recording the number of triggers in every second

provided by each station in single coincidence mode.

3. Calibration of Grande detectors

3.1. Single photomultiplier calibration and HV settings

The amplitude response of individual PMTs is adjusted and
checked by using the single particle events [14]. As discussed
above, the station and PMT to be calibrated are selected by means
of the optical fiber channel and the local station multiplexer. The
relative calibration between the PMTs is achieved by exploiting
the ratio R¼N1/N2, where N1 denotes the number of events
observed between the channels ch0 (minimum between the noise
and the peak of the single particle distribution, see Fig. 8) and ch1,

and N2 is the number of events observed above the predeter-
mined channel ch1. The relation between the gain G of a detector
and the estimated ratio R is found to be given by DG=G¼ # 0:27 $ R.
Using an on-line procedure, the individual HV values are then
automatically set and the R values of the 16 HG PMTs are adjusted
at a level of better than 75%. The LG PMTs are adjusted by
the same procedure but at a gain about 10 times lower. The
procedure is repeated twice a year for PMT checking and gain
equalization.

3.2. Timing calibration

Arrival directions are obtained from the timing between the
different stations. Since the logic/timing signal is obtained from
the analog mixer output, the arrival times of the PMT signals at
the mixer have to be equalized. This is done by using the timing of
a small scintillator moved above the 16 scintillators of the station
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Analog
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Fig. 6. Scheme of the electronics of an individual Grande detector station (only measurement channels are shown).

Fig. 7. Scheme of the Grande array data acquisition (only measurement channels are shown).
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as reference. Using calibrated signal delays, the relative timing
between the scintillators of a detector station can be adjusted to
within 1 ns by this procedure. Since changes of the HV affect the
transit times of the PMTs, the delay adjustments are repeated
after such changes.

The TDC digitizes the time differences between the logic
signals from each detector station in a window of 74ms around
the trigger signal. Since the electronics of each station introduces
different delays (due to discriminators, cables, etc.), the recorded
time values have to be corrected by means of time constants
related to each detector station i in order to obtain the effective
time measurement tmeas,i¼trec,i"T0,i. These constants are obtained
by assuming isotropy in the local reference coordinates of the
cosmic ray arrival directions. For such showers the average timing
difference between different modules is zero. The average of the
time differences between each pair of stations is obtained
by means of Gaussian fits to the peaks of their difference
distribution. The method has been first validated by positioning

the already quoted small scintillator, used as reference, over
different stations.

The uncertainty on the timing measurement of a station,
st,instr , is composed of several independent contributions:

(1) the uncertainty in the determination of T0, sa
t # 1 ns;

(2) the TDC resolution, sb
t # 0:78 ns;

(3) the variation of the relative trigger timing with respect to the
peak pulse for different pulse heights (walk), sc

t # 1 ns; and
(4) inhomogeneities of the timing between the 16 PMTs of a

station at the input of the mixer, sd
t # 1 ns.

Finally, the total uncertainty on the timing measured by Grande
detector stations is

st,instr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Fig. 8. Example of single particle spectra of HG (left panel) and LG (right panel) channels, used for gain equalization through the high voltage setting.
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The KASCADE-Grande experiment
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a b s t r a c t

KASCADE-Grande is the enlargement of the KASCADE extensive air shower detector, realized to expand
the cosmic ray studies from the previous 1014–1017 eV primary energy range to 1018 eV. This is
performed by extending the area covered by the KASCADE electromagnetic array from 200!200 to
700!700 m2 by means of 37 scintillator detector stations of 10 m2 area each. This new array is named
Grande and provides measurements of the all-charged particle component of extensive air showers
(Nch), while the original KASCADE array particularly provides information on the muon content ðNmÞ.
Additional dense compact detector set-ups being sensitive to energetic hadrons and muons are used for
data consistency checks and calibration purposes. The performance of the Grande array and its
integration into the entire experimental complex is discussed. It is demonstrated that the overall
observable resolutions are adequate to meet the physical requirements of the measurements, i.e.
primary energy spectrum and elemental composition studies in the primary cosmic ray energy range of
1016–1018 eV.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

The study of high energy astrophysics, as well as of hadronic
interactions at high energies, are based on the study of the

cascades that cosmic ray (CR) primaries generate in the
atmosphere (extensive air showers, EAS).

EAS particles spread out over large areas and are usually
detected by an array of particle detectors distributed at ground
[1]. The purpose of these detectors is to provide statistical
samples of the particles in the shower disc at different locations.
The observables of interest are the electron and muon densities,
and their arrival times. The measurements of relative arrival times
of the shower particles allow us to reconstruct the arrival
direction of the cosmic rays. Integrating the observed electron
and muon densities over the total area covered by the EAS leads to
charged particle, electron, and muon shower sizes, Nch, Ne and Nm,
which are related to the energy (E0) and nuclear mass number (A)
of the primary CR particle. Therefore, the accuracies of timing
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Bethe Bloch gives mean energy loss
thin absorbers: large fluctuations
energy loss can be described by a Landau function

L(x) = 1p
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for electrons in Argon
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14 27. Passage of particles through matter
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Figure 27.7: Straggling functions in silicon for 500 MeV pions, normalized
to unity at the most probable value δp/x. The width w is the full width at
half maximum.

elements and nearly 200 mixtures and compounds. If a compound or mixture is
not found, then one uses the recipe for δ given in Ref. 21 (repeated in Ref. 5), and
calculates ⟨I⟩ according to the discussion in Ref. 9. (Note the “13%” rule!)

27.2.9. Ionization yields : Physicists frequently relate total energy loss to the
number of ion pairs produced near the particle’s track. This relation becomes
complicated for relativistic particles due to the wandering of energetic knock-on
electrons whose ranges exceed the dimensions of the fiducial volume. For a
qualitative appraisal of the nonlocality of energy deposition in various media by
such modestly energetic knock-on electrons, see Ref. 29. The mean local energy
dissipation per local ion pair produced, W , while essentially constant for relativistic
particles, increases at slow particle speeds [30]. For gases, W can be surprisingly
sensitive to trace amounts of various contaminants [30]. Furthermore, ionization
yields in practical cases may be greatly influenced by such factors as subsequent
recombination [31].

February 2, 2010 15:55



Jörg R. Hörandel, Astronomical Instrumentation 2020/21 �70

LORA: A scintillator array for LOFAR to measure extensive air showers

S. Thoudam a,n, S. Buitink a,b, A. Corstanje a, J.E. Enriquez a, H. Falcke a,c,d,
W. Frieswijk c, J.R. Hörandel a,d, A. Horneffer a,1, M. Krause a,2, A. Nelles a,d,
P. Schellart a, O. Scholten b, S. ter Veen a, M. van den Akker a
a Department of Astrophysics, IMAPP, Radboud University Nijmegen, P.O. Box 9010, 6500 GL Nijmegen, The Netherlands
b KVI, University of Groningen, 9747 AA Groningen, The Netherlands
c ASTRON, 7990 AA Dwingeloo, The Netherlands
d Nikhef, Science Park Amsterdam, 1098 XG Amsterdam, The Netherlands

a r t i c l e i n f o

Article history:
Received 29 January 2014
Received in revised form
13 August 2014
Accepted 14 August 2014
Available online 26 August 2014

Keywords:
Cosmic rays
Extensive air showers
Radio detection
Scintillation detectors
LOFAR
LORA

a b s t r a c t

The measurement of the radio emission from extensive air showers, induced by high-energy cosmic rays,
is one of the key science projects of the LOFAR radio telescope. The LOfar Radboud air shower Array
(LORA) has been installed in the core of LOFAR in the Netherlands. The main purpose of LORA is to
measure the properties of air showers and to trigger the read-out of the LOFAR radio antennas to register
extensive air showers. The experimental set-up of the array of scintillation detectors and its performance
are described.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The search for the origin of the highest energy particles in the
Universe is a big challenge in astroparticle physics [1–3]. From the
experimental point of view, a precise measurement of the ele-
mental composition of cosmic rays at the highest energies is
crucial. The present work is part of an endeavor to establish a
new method to measure air showers at high energies and
determine the mass composition of cosmic rays with nearly
100% duty cycle: the radio detection of air showers [4]. To
contribute to the measurement of radio signals from air showers
with the LOFAR telescope [5], we have installed an air shower
array in the LOFAR core.

High-energy cosmic rays impinging onto the atmosphere of the
Earth induce cascades of secondary particles. The bulk of the
charged particles is electrons and positrons. They are deflected in
the magnetic field of the Earth, while in addition, there is an
excess of negative charge. This yields the emission of coherent
radiation with frequencies of tens of MHz, e.g. [6–9].

The feasibility of quantitative radio measurements of air
showers has been demonstrated with the LOPES experiment
(LOFAR prototype station) [10–12]. It has been shown that radio
emission can be detected using low-noise amplifiers and fast
digitizers in combination with sufficient computing power to
analyze the registered signals.

Radio emission from air showers is detected with the LOFAR
radio telescope in the framework of the LOFAR key science project
Cosmic Rays [13]. The LOw Frequency ARray (LOFAR) is a digital
observatory [5]. The main focus of the astronomy community is to
observe the radio Universe in the frequency range of 10–240 MHz.

More than 40 stations with fields of relatively simple antennas
work together as a digital radio interferometer, i.e. the measured
signals are digitized with fast ADCs and correlations are formed in
a central processing unit. The antenna fields are distributed over
several countries in Europe with a dense core in the Netherlands.
The latter consists of 24 stations on an area measuring roughly
5 km2. Each station comprises 96 low-band antennas, simple
inverted V-shaped dipoles, operating in the frequency range of
10–80 MHz. Each antenna has two dipoles, oriented perpendicular
to each other. In addition, fields of high band antennas1 cover the
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frequency range of 110–240 MHz. The signals from the antennas
are digitized and stored in a ring buffer (transient buffer board,
TBB). A triggered read-out of these buffers will send the raw data
to a central processing facility.

An ultimate goal is to independently detect radio emission
from air showers with LOFAR. This requires a sophisticated trigger
algorithm that analyses the digitized antenna signals in real time.
To assist with the development of the trigger algorithm and to
measure basic air shower parameters, an array of particle detec-
tors has been at LOFAR.

The LOFAR Radboud Air Shower Array (LORA) is an array of
scintillation counters, located in the innermost center of LOFAR,
the superterp. It has been designed to register air showers initiated
by primary particles with energies exceeding 1016 eV. Strong radio
signals are expected from air showers in this energy region. This
energy regime is also of astrophysical interest, as a transition is
expected from a Galactic to an extra-galactic origin of cosmic rays
at energies between 1017 and 1018 eV [2,3].

In the following, we describe the set-up of LORA and its
properties. The experimental set-up is described in Section 2 and
the detector calibration in Section 3. The various steps involved in
the reconstruction of air shower parameters are described in
Section 5 and in Section 6 the reconstruction accuracies are
discussed, followed by a review of the array performance in
Section 7.

2. Experimental set-up

LORA comprises 20 detector units, located on a circular area
with a diameter of about 320 m. The positions of the detectors in
the innermost core of LOFAR are illustrated in Fig. 1. The array is
sub-divided into five units, each comprising four detectors. The
detectors are located on circles with a radius of about 40 m around
a central electronics unit, with a spacing of 50–100 m between the
detectors.

Each detector unit contains two pairs of scintillators (NE 114)
with the dimensions 47.5!47.5!3 cm3, read out via wavelength
shifter bars (NE 174 A) through a photomultiplier tube (EMI
9902).2 A detector unit, containing the two pairs of scintillators
and two photomultiplier tubes, is sketched in Fig. 2. The detectors
are installed inside weatherproof shelters.

The two photomultipliers in one detector unit share a common
high-voltage channel. To match the gain of the two tubes, we use a
resistor network to adjust the voltage correspondingly. The signals
of the two photomultiplier tubes in each detector are read out via
RG223 coaxial cables and a passive connection into a single
digitizer channel. 12-bit ADCs are used, which sample the incom-
ing voltage with a time resolution of 2.5 ns3 [15]. A field program-
mable gate array (FPGA) provides a trigger signal in real time.

Four detectors form (electronically) a unit, comprising two
digitizer units (with two electronic channels each) [15,16], con-
trolled by a Linux-operated, single-board mini PC. The two
digitizer units operate in a master and slave combination like a
four-channel oscilloscope, where the master generates a common
trigger for both the digitizer units. The master digitizer contains a
GPS receiver (Trimble, Resolution T), which provides GPS time
stamps to both the digitizer units. Each digitizer contains a
200 MHz clock counter to assign a time stamp with nanoseconds
accuracy to each triggered signal.

The pulse per second signals (1PPS) from this type of GPS
receiver can introduce a timing uncertainty of up to a maximum of

20 ns. This error is stored every second during the data taking. It is
corrected for the event time stamp in the offline data analysis
using a proper correction formula [17]. The time stamp calculation
also takes into account the fluctuations in the number of clock
periods of the 200 MHz clock counter between two PPS signals.

The two digitizers are connected to the PC through an USB
interface. The PC also controls a four-channel high-voltage supply
through one of the digitizer units. The FPGA inside the digitizer
unit controls an input–output register, which is connected to the
high-voltage supply, allowing to set the individual voltages on the
four channels remotely. A block diagram of the electronics com-
ponents is depicted in Fig. 3.

When the four input signals from the PMTs in an electronics
unit satisfy a local trigger condition, usually three out of four
detectors in coincidence within 400 ns the digitizers send the data
to the local computer. The data from the five mini PCs conse-
quently are sent via Ethernet to a central, Linux-operated master
computer, where the main data acquisition (DAQ) runs. Within
100 ms all data are collected from the other electronics units. The
received time stamps, which are each assigned according to the
first threshold crossing in a detector, are checked for coincidences
(500 ns window) and are combined to an event file that is stored
locally. A simple analysis is performed on these data, which
reconstructs arrival direction and core position to allow for
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monitoring. In this computer also an additional high-level trigger
can be formed, based on the number of sub-arrays that have
detected an air shower. This high-level trigger is used to trigger
the read-out of the radio antennas. The overall processing takes
about 130 ms (including the wait time), which is fast compared to
the 5 s of data that are stored in the ring buffers of the radio
antennas.

The main DAQ program also controls the DAQ programs
running on the mini PCs. All input parameters, including those
required by the DAQ on the local computers, are set on the master
computer. The whole DAQ is controlled and monitored using an
online monitoring panel, which can be accessed remotely. The
display panel provides continuous monitoring of the performance
of the electronics and the detectors during operations. Both, the
monitoring panel and the DAQ software, use several features from
the ROOT package [18].

3. Detector calibration

For each event, traces of the PMT signals are stored in a time
window of 10 μs. We have chosen to start the recorded data 2 μs
before the trigger, thus, we measure ADC traces from 2 μs before to
8 μs after the trigger for each event. A typical ADC trace is depicted
in Fig. 4. The inset shows a closer view around the pulse of a
through-going particle.

To calculate the total signal produced by a charged particle
(which corresponds to the total energy deposited by the particle)
from the recorded time traces, the following procedure is applied:
the average pedestal is calculated from the 2 μs window before the
trigger. This pedestal is subtracted from the ADC values and the
signal trace is integrated over the time window from ðtpeak " 40 nsÞ
to ðtpeak þ 250 nsÞ. tpeak is the time of the maximum ADC count in
the trace.

The resulting measured energy deposition of singly charged
particles in a detector is shown in Fig. 5 (top). A Landau function is
fitted to the measured distribution. The most probable value
corresponds to the energy deposition of the through-going
charged particle. This value is taken for the energy calibration of
each detector. The high voltage applied to each photomultiplier is

adjusted such that the Landau distribution peaks at E400 ADC
counts.

In order to determine the energy deposition of singly charged
particles, we conducted simulations with the GEANT4 package
[19]. The scintillators are made of polyvinyl-toluene (CH2CH
(C6H4CH3)n), which is simulated as a C:H mixture of 9:10, with a
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Fig. 3. Schematic view of the electronics components for the data acquisition and
experiment control. A basic electronics unit serves to read out four scintillator
units. Five such electronics units are used to read out the 20 detectors.
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monitoring. In this computer also an additional high-level trigger
can be formed, based on the number of sub-arrays that have
detected an air shower. This high-level trigger is used to trigger
the read-out of the radio antennas. The overall processing takes
about 130 ms (including the wait time), which is fast compared to
the 5 s of data that are stored in the ring buffers of the radio
antennas.

The main DAQ program also controls the DAQ programs
running on the mini PCs. All input parameters, including those
required by the DAQ on the local computers, are set on the master
computer. The whole DAQ is controlled and monitored using an
online monitoring panel, which can be accessed remotely. The
display panel provides continuous monitoring of the performance
of the electronics and the detectors during operations. Both, the
monitoring panel and the DAQ software, use several features from
the ROOT package [18].

3. Detector calibration

For each event, traces of the PMT signals are stored in a time
window of 10 μs. We have chosen to start the recorded data 2 μs
before the trigger, thus, we measure ADC traces from 2 μs before to
8 μs after the trigger for each event. A typical ADC trace is depicted
in Fig. 4. The inset shows a closer view around the pulse of a
through-going particle.

To calculate the total signal produced by a charged particle
(which corresponds to the total energy deposited by the particle)
from the recorded time traces, the following procedure is applied:
the average pedestal is calculated from the 2 μs window before the
trigger. This pedestal is subtracted from the ADC values and the
signal trace is integrated over the time window from ðtpeak " 40 nsÞ
to ðtpeak þ 250 nsÞ. tpeak is the time of the maximum ADC count in
the trace.

The resulting measured energy deposition of singly charged
particles in a detector is shown in Fig. 5 (top). A Landau function is
fitted to the measured distribution. The most probable value
corresponds to the energy deposition of the through-going
charged particle. This value is taken for the energy calibration of
each detector. The high voltage applied to each photomultiplier is

adjusted such that the Landau distribution peaks at E400 ADC
counts.

In order to determine the energy deposition of singly charged
particles, we conducted simulations with the GEANT4 package
[19]. The scintillators are made of polyvinyl-toluene (CH2CH
(C6H4CH3)n), which is simulated as a C:H mixture of 9:10, with a
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monitoring. In this computer also an additional high-level trigger
can be formed, based on the number of sub-arrays that have
detected an air shower. This high-level trigger is used to trigger
the read-out of the radio antennas. The overall processing takes
about 130 ms (including the wait time), which is fast compared to
the 5 s of data that are stored in the ring buffers of the radio
antennas.

The main DAQ program also controls the DAQ programs
running on the mini PCs. All input parameters, including those
required by the DAQ on the local computers, are set on the master
computer. The whole DAQ is controlled and monitored using an
online monitoring panel, which can be accessed remotely. The
display panel provides continuous monitoring of the performance
of the electronics and the detectors during operations. Both, the
monitoring panel and the DAQ software, use several features from
the ROOT package [18].

3. Detector calibration

For each event, traces of the PMT signals are stored in a time
window of 10 μs. We have chosen to start the recorded data 2 μs
before the trigger, thus, we measure ADC traces from 2 μs before to
8 μs after the trigger for each event. A typical ADC trace is depicted
in Fig. 4. The inset shows a closer view around the pulse of a
through-going particle.

To calculate the total signal produced by a charged particle
(which corresponds to the total energy deposited by the particle)
from the recorded time traces, the following procedure is applied:
the average pedestal is calculated from the 2 μs window before the
trigger. This pedestal is subtracted from the ADC values and the
signal trace is integrated over the time window from ðtpeak " 40 nsÞ
to ðtpeak þ 250 nsÞ. tpeak is the time of the maximum ADC count in
the trace.

The resulting measured energy deposition of singly charged
particles in a detector is shown in Fig. 5 (top). A Landau function is
fitted to the measured distribution. The most probable value
corresponds to the energy deposition of the through-going
charged particle. This value is taken for the energy calibration of
each detector. The high voltage applied to each photomultiplier is

adjusted such that the Landau distribution peaks at E400 ADC
counts.

In order to determine the energy deposition of singly charged
particles, we conducted simulations with the GEANT4 package
[19]. The scintillators are made of polyvinyl-toluene (CH2CH
(C6H4CH3)n), which is simulated as a C:H mixture of 9:10, with a
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shower axis falling within this fiducial area. This area is chosen such
that we include in our analysis only those air showers with reliable
estimates of the position of the shower axis and at the same time,
retain as many showers as possible.

Fig. 11 shows the zenith angle and the azimuthal angle distribu-
tion of the measured air showers. The zenith angle distribution is
fitted in the range of 4–401 with the distribution function

f ðθÞ dθ¼ a1 sin θ cos a2θ dθ: ð14Þ

The fit parameters are found to be a1 ¼ ð1:073 $ 104771Þ and
a2 ¼ ð8:78670:062Þ. The thick curve in the figure represents the fit
result. The peak of the distribution is found to be at θ % 191. The steep
rise in the distribution below the peak is due to the increase in the
solid angle with the zenith angle. The steep fall above the peak is due
to the combined effect of the decrease in the effective collection area
of the array and the increase in the shower attenuation at larger zenith
angles. The effect of the attenuation is expected to be more significant
for showers initiated by low-energy primaries.

The azimuth distribution is almost uniform at all angles. This is
expected because of the high level of isotropy in the arrival

directions of cosmic rays of this energy range which is related to
their diffusive nature of propagation in the Galaxy. However, there
is some structure visible. This is due to the irregular positioning of
the detectors. For different azimuth angles the projected distances
between detectors get smaller or wider, which affects the recon-
struction. The structure is, however, not severely affecting the
uniformity. This is illustrated by the horizontal line in Fig. 11, which
represents a straight line fit to the measured distribution, illustrat-
ing what equally distributed azimuth angles would look like. This fit
shows a χ2=ndof of close to one.

8. Conclusions

LORA is an air shower array that has been built for cosmic-ray
measurements with LOFAR. Its primary purpose is to trigger the
read-out of the LOFAR radio antennas for cosmic-ray events and to
provide basic air shower properties, such as the position of the
shower axis, the arrival direction, and the energy of the primary
particle. The full set-up of the LORA array was completed in June
2011. It currently operates as standard triggering tool for the air
shower detection with LOFAR.

The array is composed of 20 scintillation detectors and mea-
sures the arrival direction of high-energy air showers (with
lg Nch46) on average with an accuracy better than 0.71, the
position of the shower axis better than 6 m, and the number of
charged particles better than 32%.

The air-shower information determined by LORA is used as input
for the reconstruction of air shower properties with the LOFAR radio
antennas. The measured air showers are also used to optimize a
radio-only trigger for LOFAR.

chNlg

chNlg

chNlg
5.6 5.8 6 6.2 6.4 6.6 6.8 7

Re
la

tiv
e 

ac
cu

ra
cy

 N
um

be
r o

f c
ha

rg
ed

 p
ar

tic
le

s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

5.6 5.8 6 6.2 6.4 6.6 6.8 7

Ar
riv

al
 d

ire
ct

io
n 

ac
cu

ra
cy

 (°
)

0

0.5

1

1.5

2

2.5

3

3.5

5.6 5.8 6 6.2 6.4 6.6 6.8 7

 P
os

iti
on

 a
cc

ur
ac

y 
(m

)

0

5

10

15

20

25

Fig. 9. Measured reconstruction accuracies: number of charged particles Nch (left), arrival direction (right) and position of the shower axis on the ground (bottom) as a
function of the number of charged particles in a shower. For showers with lg Nch≳6, the accuracies are ≲32% for the number of particles, ≲0:71 for the arrival direction, and
≲6 m for the position of the shower axis. These values are indicated by the dashed lines in the figures.

Table 1
Selection criteria applied during data taking and analysis.

Selection criteria
Trigger 3/4 detectors in an electronics unit
Analysis 5 detectors with Z1 particle each

Quality criteria
Zenith angle θo351
Shower axis o150 m from center of LORA
Radius parameter 10 morMo200 m
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shower axis falling within this fiducial area. This area is chosen such
that we include in our analysis only those air showers with reliable
estimates of the position of the shower axis and at the same time,
retain as many showers as possible.

Fig. 11 shows the zenith angle and the azimuthal angle distribu-
tion of the measured air showers. The zenith angle distribution is
fitted in the range of 4–401 with the distribution function

f ðθÞ dθ¼ a1 sin θ cos a2θ dθ: ð14Þ

The fit parameters are found to be a1 ¼ ð1:073 $ 104771Þ and
a2 ¼ ð8:78670:062Þ. The thick curve in the figure represents the fit
result. The peak of the distribution is found to be at θ % 191. The steep
rise in the distribution below the peak is due to the increase in the
solid angle with the zenith angle. The steep fall above the peak is due
to the combined effect of the decrease in the effective collection area
of the array and the increase in the shower attenuation at larger zenith
angles. The effect of the attenuation is expected to be more significant
for showers initiated by low-energy primaries.

The azimuth distribution is almost uniform at all angles. This is
expected because of the high level of isotropy in the arrival

directions of cosmic rays of this energy range which is related to
their diffusive nature of propagation in the Galaxy. However, there
is some structure visible. This is due to the irregular positioning of
the detectors. For different azimuth angles the projected distances
between detectors get smaller or wider, which affects the recon-
struction. The structure is, however, not severely affecting the
uniformity. This is illustrated by the horizontal line in Fig. 11, which
represents a straight line fit to the measured distribution, illustrat-
ing what equally distributed azimuth angles would look like. This fit
shows a χ2=ndof of close to one.

8. Conclusions

LORA is an air shower array that has been built for cosmic-ray
measurements with LOFAR. Its primary purpose is to trigger the
read-out of the LOFAR radio antennas for cosmic-ray events and to
provide basic air shower properties, such as the position of the
shower axis, the arrival direction, and the energy of the primary
particle. The full set-up of the LORA array was completed in June
2011. It currently operates as standard triggering tool for the air
shower detection with LOFAR.

The array is composed of 20 scintillation detectors and mea-
sures the arrival direction of high-energy air showers (with
lg Nch46) on average with an accuracy better than 0.71, the
position of the shower axis better than 6 m, and the number of
charged particles better than 32%.

The air-shower information determined by LORA is used as input
for the reconstruction of air shower properties with the LOFAR radio
antennas. The measured air showers are also used to optimize a
radio-only trigger for LOFAR.
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≲6 m for the position of the shower axis. These values are indicated by the dashed lines in the figures.

Table 1
Selection criteria applied during data taking and analysis.

Selection criteria
Trigger 3/4 detectors in an electronics unit
Analysis 5 detectors with Z1 particle each

Quality criteria
Zenith angle θo351
Shower axis o150 m from center of LORA
Radius parameter 10 morMo200 m
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frequency range of 110–240 MHz. The signals from the antennas
are digitized and stored in a ring buffer (transient buffer board,
TBB). A triggered read-out of these buffers will send the raw data
to a central processing facility.

An ultimate goal is to independently detect radio emission
from air showers with LOFAR. This requires a sophisticated trigger
algorithm that analyses the digitized antenna signals in real time.
To assist with the development of the trigger algorithm and to
measure basic air shower parameters, an array of particle detec-
tors has been at LOFAR.

The LOFAR Radboud Air Shower Array (LORA) is an array of
scintillation counters, located in the innermost center of LOFAR,
the superterp. It has been designed to register air showers initiated
by primary particles with energies exceeding 1016 eV. Strong radio
signals are expected from air showers in this energy region. This
energy regime is also of astrophysical interest, as a transition is
expected from a Galactic to an extra-galactic origin of cosmic rays
at energies between 1017 and 1018 eV [2,3].

In the following, we describe the set-up of LORA and its
properties. The experimental set-up is described in Section 2 and
the detector calibration in Section 3. The various steps involved in
the reconstruction of air shower parameters are described in
Section 5 and in Section 6 the reconstruction accuracies are
discussed, followed by a review of the array performance in
Section 7.

2. Experimental set-up

LORA comprises 20 detector units, located on a circular area
with a diameter of about 320 m. The positions of the detectors in
the innermost core of LOFAR are illustrated in Fig. 1. The array is
sub-divided into five units, each comprising four detectors. The
detectors are located on circles with a radius of about 40 m around
a central electronics unit, with a spacing of 50–100 m between the
detectors.

Each detector unit contains two pairs of scintillators (NE 114)
with the dimensions 47.5!47.5!3 cm3, read out via wavelength
shifter bars (NE 174 A) through a photomultiplier tube (EMI
9902).2 A detector unit, containing the two pairs of scintillators
and two photomultiplier tubes, is sketched in Fig. 2. The detectors
are installed inside weatherproof shelters.

The two photomultipliers in one detector unit share a common
high-voltage channel. To match the gain of the two tubes, we use a
resistor network to adjust the voltage correspondingly. The signals
of the two photomultiplier tubes in each detector are read out via
RG223 coaxial cables and a passive connection into a single
digitizer channel. 12-bit ADCs are used, which sample the incom-
ing voltage with a time resolution of 2.5 ns3 [15]. A field program-
mable gate array (FPGA) provides a trigger signal in real time.

Four detectors form (electronically) a unit, comprising two
digitizer units (with two electronic channels each) [15,16], con-
trolled by a Linux-operated, single-board mini PC. The two
digitizer units operate in a master and slave combination like a
four-channel oscilloscope, where the master generates a common
trigger for both the digitizer units. The master digitizer contains a
GPS receiver (Trimble, Resolution T), which provides GPS time
stamps to both the digitizer units. Each digitizer contains a
200 MHz clock counter to assign a time stamp with nanoseconds
accuracy to each triggered signal.

The pulse per second signals (1PPS) from this type of GPS
receiver can introduce a timing uncertainty of up to a maximum of

20 ns. This error is stored every second during the data taking. It is
corrected for the event time stamp in the offline data analysis
using a proper correction formula [17]. The time stamp calculation
also takes into account the fluctuations in the number of clock
periods of the 200 MHz clock counter between two PPS signals.

The two digitizers are connected to the PC through an USB
interface. The PC also controls a four-channel high-voltage supply
through one of the digitizer units. The FPGA inside the digitizer
unit controls an input–output register, which is connected to the
high-voltage supply, allowing to set the individual voltages on the
four channels remotely. A block diagram of the electronics com-
ponents is depicted in Fig. 3.

When the four input signals from the PMTs in an electronics
unit satisfy a local trigger condition, usually three out of four
detectors in coincidence within 400 ns the digitizers send the data
to the local computer. The data from the five mini PCs conse-
quently are sent via Ethernet to a central, Linux-operated master
computer, where the main data acquisition (DAQ) runs. Within
100 ms all data are collected from the other electronics units. The
received time stamps, which are each assigned according to the
first threshold crossing in a detector, are checked for coincidences
(500 ns window) and are combined to an event file that is stored
locally. A simple analysis is performed on these data, which
reconstructs arrival direction and core position to allow for
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Fig. 1. Layout of LORA in the dense core in the center of LOFAR. The squares
represent the positions of the particle detectors. The crosses and open squares
represent the two different types of LOFAR radio antennas. The dotted lines
indicate the grouping of the detectors for the data acquisition.
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Fig. 2. Schematic view of a scintillation detector. Sheets of plastic scintillator are
read out by photomultiplier tubes via wavelength shifter bars [14].

2 The detectors were previously operated in the KASCADE calorimeter [14].
3 Internally, two ADCs are used per channel, sampling the same input signal at

200 MHz with an offset of half a clock cycle.
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expected from a Galactic to an extra-galactic origin of cosmic rays
at energies between 1017 and 1018 eV [2,3].

In the following, we describe the set-up of LORA and its
properties. The experimental set-up is described in Section 2 and
the detector calibration in Section 3. The various steps involved in
the reconstruction of air shower parameters are described in
Section 5 and in Section 6 the reconstruction accuracies are
discussed, followed by a review of the array performance in
Section 7.

2. Experimental set-up

LORA comprises 20 detector units, located on a circular area
with a diameter of about 320 m. The positions of the detectors in
the innermost core of LOFAR are illustrated in Fig. 1. The array is
sub-divided into five units, each comprising four detectors. The
detectors are located on circles with a radius of about 40 m around
a central electronics unit, with a spacing of 50–100 m between the
detectors.

Each detector unit contains two pairs of scintillators (NE 114)
with the dimensions 47.5!47.5!3 cm3, read out via wavelength
shifter bars (NE 174 A) through a photomultiplier tube (EMI
9902).2 A detector unit, containing the two pairs of scintillators
and two photomultiplier tubes, is sketched in Fig. 2. The detectors
are installed inside weatherproof shelters.

The two photomultipliers in one detector unit share a common
high-voltage channel. To match the gain of the two tubes, we use a
resistor network to adjust the voltage correspondingly. The signals
of the two photomultiplier tubes in each detector are read out via
RG223 coaxial cables and a passive connection into a single
digitizer channel. 12-bit ADCs are used, which sample the incom-
ing voltage with a time resolution of 2.5 ns3 [15]. A field program-
mable gate array (FPGA) provides a trigger signal in real time.

Four detectors form (electronically) a unit, comprising two
digitizer units (with two electronic channels each) [15,16], con-
trolled by a Linux-operated, single-board mini PC. The two
digitizer units operate in a master and slave combination like a
four-channel oscilloscope, where the master generates a common
trigger for both the digitizer units. The master digitizer contains a
GPS receiver (Trimble, Resolution T), which provides GPS time
stamps to both the digitizer units. Each digitizer contains a
200 MHz clock counter to assign a time stamp with nanoseconds
accuracy to each triggered signal.

The pulse per second signals (1PPS) from this type of GPS
receiver can introduce a timing uncertainty of up to a maximum of

20 ns. This error is stored every second during the data taking. It is
corrected for the event time stamp in the offline data analysis
using a proper correction formula [17]. The time stamp calculation
also takes into account the fluctuations in the number of clock
periods of the 200 MHz clock counter between two PPS signals.

The two digitizers are connected to the PC through an USB
interface. The PC also controls a four-channel high-voltage supply
through one of the digitizer units. The FPGA inside the digitizer
unit controls an input–output register, which is connected to the
high-voltage supply, allowing to set the individual voltages on the
four channels remotely. A block diagram of the electronics com-
ponents is depicted in Fig. 3.

When the four input signals from the PMTs in an electronics
unit satisfy a local trigger condition, usually three out of four
detectors in coincidence within 400 ns the digitizers send the data
to the local computer. The data from the five mini PCs conse-
quently are sent via Ethernet to a central, Linux-operated master
computer, where the main data acquisition (DAQ) runs. Within
100 ms all data are collected from the other electronics units. The
received time stamps, which are each assigned according to the
first threshold crossing in a detector, are checked for coincidences
(500 ns window) and are combined to an event file that is stored
locally. A simple analysis is performed on these data, which
reconstructs arrival direction and core position to allow for
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Scintillator detectors of AugerPrime Radomír Šmída

Figure 1: Drawing of an open SSD on top of a WCD (left) and a photo of one installed SSD (right).

Figure 2: Side-view cut in the drawing of the SSD. Main parts are marked.

and the other two 1280 mm long, are connected in two ways depending on the assembly site: corner
inserts and nails are used in the first case and corners are welded in the second case.

The composite panel has two 1 mm thick aluminum sheets glued to a 22 mm thick block of
extruded polystyrene (XPS). The panel is glued to the frame with Ottocoll S610, which acts also
as a sealant. The panel not only increases the structural integrity, but its flat area is convenient for
placing components inside the box during assembling. Four aluminum U-beams fix the scintillator
bars from above and lightweight blocks of expanded polystyrene (EPS) are used to fill the space.

The air volume inside the detector is reduced to less than 10 liters this way and a top sheet is
supported from below. The exchange of air between the outside and the inside of the detector is
achieved via a couple of holes at the bottom of the profile frame and one hole in the inner wall of
the profile. The latter hole has a diameter of 12 mm and is covered with a round piece of sintered
metal. This system acts as a pressure equalizer.

The top of the box is closed with a 1 mm thick aluminum sheet. This top sheet is glued to
the frame profile with the same glue as the panel and in addition, the connection is reinforced with
closed-end blind rivets. Even though the first shipment of SSDs had experienced acceleration up to
15 g during transportation, these acceleration shocks had caused no damage.
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Scintillator detectors of AugerPrime Radomír Šmída

Figure 3: Routers for guiding and protecting fibers on the side (left) and in the center (right).

both ends of each fiber end. The length of the fiber between the scintillator bar and the cookie is
about 1.1 m, see the right picture in Fig. 3. Therefore, only photons with the wavelength above
⇠500 nm survive the whole path, because of their sufficiently long attenuation length. Owing to
the guiding in routers, no significant light loss due to bending happens in any part of the fiber over
its whole length. The routers also keep fibers in their position and reduce the risk of damage during
subsequent procedures.

Almost one half of light is lost, if a fiber’s end surface is not finished after cutting. A novel
method has been developed for finishing the 96 ends of plastic WLS fibers already installed in the
SSD. This procedure is based on melting each end of a fiber on a borosilicate glass plate warmed
to 150± 30�C. The end of the fiber, held by hand, is touched for about one second to the glass
plate. Its surface slightly melts and flattens. The advantages of this procedure are as follows: easy
and simple, the required time for melting can be checked visually1 and any defect (e.g. a bubble
due to a too long contact with the plate) can be repaired by cutting a small piece of the fiber and
repeating the procedure. In Fig. 4 the end of a fiber before and after melting is shown. We have
verified that the fiber finished with the melting method provides within 10% the same amount of
light as a carefully polished fiber. This new procedure is less labor intensive than polishing all 96
ends of the fibers glued in the cookie at once.

The ends of all fibers are bundled in the cookie, which has a body and front window made
of PMMA. The hole for fibers in the center of the PMMA body has a diameter of 13 mm and two
smaller holes along it for filling optical cement and allowing air to escape. The fiber ends are
aligned 1� 2 mm in front of the window which is pushed into the main body. This front window
has a diameter of 22 mm and a thickness of 6 mm, and it will protect the ends of the fibers and act
as a diffuser. At the end, the optical cement (we use Eljen EJ-500) is poured inside – slowly, to
avoid air bubbles forming in front of the fibers.

1A clear decrease in the amount of side-scattered light can be observed during the melting of a fiber. Side-scattering
is caused by surface roughness after cutting a fiber.
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out from both ends. Figure 4.2 shows a sketch of two bars with the fiber readout. The two-
ended readout of the scintillator strips also provides a better longitudinal uniformity in light
response.

10 cm10�cm

1�cm

Figure 4.2: Sketch view of bars with the fiber readout.

Two companies, Kuraray and Saint Gobain, produce suitable WLS multi-clad optical
fibers for our application. The Kuraray fibers have a higher light yield and are more read-
ily available. They have also been used for optical read-out in most large area scintillator
counter experiments. For these reasons they were chosen as the baseline design option.
However the Saint Gobain WLS fiber may have a lower cost and the possibility to make use
of them is currently under investigation.

For the baseline design, the Kuraray Y11 WLS multi-clad optical fiber with 1 mm diam-
eter is chosen, with a concentration of fluorescent dye at either 200 or 300 parts per million.
As shown in Figure 4.3, the absorption spectrum of the K27 dye (Y11 fiber) matches per-
fectly the scintillator emission [144]. On the other hand, the WLS fiber emission is shifted
toward longer wavelengths than the absorption peak of a standard bialkali photocathode,
thus suggesting some caution during the selection of the read-out photodetector.

Figure 4.3: Left: emission and absorption spectra for Kuraray Y11 WLS fiber. Right: Reference emis-
sion spectrum of the chosen extruded scintillator.

The WLS fibers will be of S-Type to allow shorter bending diameter (Figure 4.4) and
minimize the risk of damage during the detector assembly. In fact, the S-type fiber core
has a molecular orientation along the drawing direction. This fiber is mechanically stronger
against cracking at the cost of transparency; the attenuation length of this type is nearly 10%
shorter than the standard type. Kuraray conservatively recommends a bend diameter 100
times the fiber diameter. Accordingly, the fiber routers have been designed with curvature

extruded plastic scintillator
read out by wavelength shifting fibers

scintillator bars coated with TiO2 outer layer for reflectivity
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fibers for our application. The Kuraray fibers have a higher light yield and are more read-
ily available. They have also been used for optical read-out in most large area scintillator
counter experiments. For these reasons they were chosen as the baseline design option.
However the Saint Gobain WLS fiber may have a lower cost and the possibility to make use
of them is currently under investigation.

For the baseline design, the Kuraray Y11 WLS multi-clad optical fiber with 1 mm diam-
eter is chosen, with a concentration of fluorescent dye at either 200 or 300 parts per million.
As shown in Figure 4.3, the absorption spectrum of the K27 dye (Y11 fiber) matches per-
fectly the scintillator emission [144]. On the other hand, the WLS fiber emission is shifted
toward longer wavelengths than the absorption peak of a standard bialkali photocathode,
thus suggesting some caution during the selection of the read-out photodetector.
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Figure 4.3: Left: emission and absorption spectra for Kuraray Y11 WLS fiber. Right: Reference emis-
sion spectrum of the chosen extruded scintillator.

The WLS fibers will be of S-Type to allow shorter bending diameter (Figure 4.4) and
minimize the risk of damage during the detector assembly. In fact, the S-type fiber core
has a molecular orientation along the drawing direction. This fiber is mechanically stronger
against cracking at the cost of transparency; the attenuation length of this type is nearly 10%
shorter than the standard type. Kuraray conservatively recommends a bend diameter 100
times the fiber diameter. Accordingly, the fiber routers have been designed with curvature
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4.2.3 PMTs and HV power supply

The baseline SSD photomultiplier is the Hamamatsu R9420, head-on type, 8-stage PMT with
a 38 mm bialkali photocathode. This PMT shows good quantum efficiency at the wavelength
of interest (in the green region) associated with an excellent linearity range (when the PMT
is supplied through a tapered ratio divider) of up to 200 mA of peak anode current for an
operating gain of 7⇥105 (Figure 4.9). As an alternative, the performance of the lower cost
Hamamatsu R8619 PMT is being investigated.
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Introduction

Very high intrinsic gain together with minimal excess noise make 
silicon photomultiplier (SiPM) a possible choice of a photodetector in 
those applications where the input light is in the photon-counting 
range.  

2
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SiPM

Structure and Operation of a SiPM

Portraits of SiPMs (images not to scale)
5
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SiPM structure

SiPM is an array of microcells
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SiPM structure

...

Anode

Cathode

single microcell

RQ

APD

All of the microcells are connected in parallel 
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SiPM specifications

Active area: 1.3×1.3 − 6×6 mm2

Microcell size (pitch): 10×10, 15×15, 25×25, 50×50, 75×75 μm2

Number of microcells: (active area)/(microcell size), from 100’s to 
10,000’s    

Overvoltage: ΔV = VBIAS – VBD; recommended by the manufacturer

8
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SiPM operation

VBIAS > VBD
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Example of single-photoelectron 
waveform (1 p.e.) 

Gain = area under the curve in electrons 
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SiPM operation

time [ns]

Am
pli

tud
e [

mV
]

Fast component

Slow component

RC time constant of the slow component 
depends on microcell size (all else being equal)

Recovery time tR ≈ 5 times the RC time 
constant

tR is on the order of 10’s to 100’s ns but in 
practical situations, it is also a function of 
detection bandwidth 
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SiPM operation

time

Ar
b.

The output of an SiPM is a chronological superposition of current 
pulses

Current pulses due to photons

SiPM also outputs current pulses even in absence of light: dark 
counts (dark current)

11
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Dark Counts

time

Ar
b.

Dark-count pulses are indistinguishable from those due to photons

The rate of dark counts depends on overvoltage, temperature, and 
size of the active area 

Current pulses due to photons and dark 
counts are indistinguishable
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Crosstalk

Primary discharge can trigger 
a secondary discharge in 
neighboring microcells. This is 
crosstalk.

time

Ar
b.

2 p.e. crosstalk event

Crosstalk probability depends on 
overvoltage
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Operation
VBIAS

1, 2, 3,….

VBIAS

If the pulses are distinguishable, 
SiPM can be operated in a photon 
counting mode.  

If the pulses overlap, the SiPM can be 
operated in an analog mode. The 
measured output is voltage or current.  

counter

SiPM V or I

0 100

light
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SiPM detection circuits
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Characteristics of a SiPM

• Photon detection efficiency
• Gain

• Crosstalk probability

• Dark current & dark counts

• Linearity & dynamic range

• Temperature effects

17
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Photon detection efficiency

wavelength [nm] 
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] • Photon detection efficiency (PDE) is 

a probability that an incident photon 
is detected. It depends on:
- wavelength
- overvoltage
- microcell size

Peak PDE 20% − 50%
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Photon detection efficiency
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Gain

Overvoltage [V] 

Crosstalk prob. & PDE 

• Gain of SiPM is comparable 
to that of a PMT.

Excess noise very low: 
F ~ 1.1, mostly due to crosstalkGa

in

S13720, 1.3×1.3 mm2

• Gain depends linearly on 
overvoltage

25 μm
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Gain versus temperature

Does gain of an SiPM depend on temperature? 

Yes – if the bias voltage is fixed 

Reverse bias voltage [V]
Ga

in 
[×

10
6 ]

Otte et al. (2016)
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Gain versus temperature

Does gain of an SiPM depend on temperature? 

No – if the overvoltage is fixed 

Temperature [°C]
Ga

in 
va

ria
tio

n [
%

]

Fixed overvoltage
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Crosstalk

Overvoltage [V] 
Crosstalk prob. & PDE 

PCT increases with overvoltage

Crosstalk is the main contributor to 
excess noise

F ≈ (1+PCT)

S13720, 1.3×1.3 mm2

25 μm
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Dark Current

Overvoltage [V] 

Da
rk 

cu
rre

nt 
[A

] 

S13720, 1.3×1.3 mm2 Example of dark current versus overvoltage 

DCR = ID/eμ

ID = 1×10-7 A (at 7 V)  
μ = 1.2×106 (at 7 V)  

-> DCR ≈  520 kHz
or once per about 2 μs

25 μm
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Linearity and dynamic range

Incident light level (850 nm) [W] 

Ou
tpu

t c
ur

re
nt 

[A
] 

S13720, 1.3×1.3 mm2 Example of output current versus incident light 
level.
Photon irradiance (at 850 nm) = 4.3×1018×P[W]

P = 10-8 W −> 4.3×1010 photons per second 

Linearity depends on the number of 
microcells for a given active area   

25 μm
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SiPM, PMT & APD

This webinar will compare and contrast SiPM with a photomultiplier 
tube (PMT) and APD.

Let’s briefly review the operation of a PMT and APD

Examples of a PMT (left) and APD (right).
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Operation of a PMT

R1 R2 R3 R4 R5 R6 R7

C1 C2 C3

K P

D1 D2 D3 D4 D5 D6

V ~ 1000 V

e−
Rf

IP
IK

2 ns/div

10
0 

m
V

/d
iv

Typical voltage 
divider
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SiPM versus PMT
• Solid state versus vacuum tube 

technology

• Comparable gains

• Comparable excess noise

• Dark count rate per unit active area 
larger in SiPM

• E & B field immunity in SiPM 

• Comparable photosensitivity in the 
spectral overlap region 

• Greater optimization for PMTs 
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Operation of an APD
self-quenching avalanche

VBIAS

RL

electronsholes

IPH

APD biased below breakdown voltage

Single photon can lead up to about 
100 of electron-hole pairs

Avalanche is self-quenching

Thus gain up to ~100

photon
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SiPM versus APD
log

(G
ain

)

Gain = 1 
linear 
region

Geiger
region

VBIASVBD

APDs  SiPMs  

• Differ in construction

• GainSiPM >> GainAPD

• FSiPM << FAPD
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Photosensitivity
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a b s t r a c t

We present a project for a novel camera using Geiger-mode Avalanche Photodiodes (G-APDs), to be
installed in a small telescope (former HEGRA CT3) on the MAGIC site in La Palma (Canary Island, Spain).
This novel type of semiconductor photon detector provides several superior features compared to
conventional photomultiplier tubes (PMTs). The most promising one is a much higher Photon Detection
Efficiency.

& 2009 Elsevier B.V. All rights reserved.

1. Introduction

The observation of cosmic sources emitting very high-energy
(VHE) g-rays (0.1–100 TeV) by large Imaging Air Cherenkov
Telescopes (IACTs) has opened a new window in Astronomy.
Impressive new results from galactic and extragalactic sources
have been obtained during the past four years with the MAGIC [1],
H.E.S.S. [2], VERITAS [3] and CANGAROO [4] experiments,
demonstrating that the VHE g-ray sky is much richer than
previously expected.

The heart of an IACT is the light detection system, i.e. an
imaging camera comprising a matrix of high-efficiency photon
detectors augmented by so-called light catchers and readout
electronics. A crucial design parameter is the Photon Detection
Efficiency (PDE), i.e. the conversion efficiency of photons into
measurable photoelectrons. Recently, a novel type of semicon-
ductor photon detector has been developed, the so-called Geiger-
mode Avalanche Photodiode (G-APD) (for a review see Ref. [5]).
G-APDs are considered as a replacement for conventional PMTs as

the former offer a substantially higher PDE. These new devices
promise an important step forward to an improved imaging camera.

A G-APD-based prototype camera is currently being developed
by a collaboration of Swiss and German institutes. The camera will
be tested under realistic conditions using the refurbished HEGRA
CT3 telescope (Fig. 1) or an equivalent mount [6].

2. Scientific prospects

The project presented herein addresses several technical and
scientific topics:

! Test of the first G-APD-equipped imaging camera under
realistic conditions.
! Long-term monitoring of nearby, bright blazars at very high

energies [6].
! Search for orbital modulation of the blazar emission from

supermassive black hole binaries.
! Studies of flares on short time scales and search for their

physical origin.
! To trigger follow-up observations with higher sensitivity with

IACTs that are currently in operation.
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! Joint observations with the Whipple monitoring telescope for
an extended time per day [6].
! To carry out multi-messenger observations together with the

IceCube neutrino detector.

3. G-APDs as photodetectors for IACTs

G-APDs may potentially replace conventional photomultiplier
tubes (PMTs) as they provide several attractive features [5], like an
excellent single photon resolution, a high PDE, a low operation

voltage (o100 V) and robustness, i.e. there is no aging due to
starlight or damage if accidentally exposed to daylight when
under bias. These features make G-APDs easier to handle than
PMTs in typical operating conditions for IACTs. The main
improvement compared to conventional PMTs is expected due
to the increased PDE, which lowers the achievable energy
threshold of an IACT for a given mirror area. Apart from that,
G-APDs provide a very reproducible output signal per photoelec-
tron (Fig. 2).

The G-APD selected for the camera project (Hamamatsu MPPC
S10362-33-100C [7]) has a dimension of 3 " 3 mm2 comprising
900 pixels of 100 " 100mm2 size housed in a ceramic casing. The
fill factor is 78.5% and the PDE is high for a wide range of
wavelengths with a maximum of # 40% at 440 nm [8]. The dark
count rate is Oð106Þ counts per second and the internal gain is
# 2 " 106 at nominal operating voltage.

Several successful small tests were performed in the laboratory
and in the field in order to evaluate G-APDs as a replacement for
PMTs in IACT cameras [9–11]. The results are promising and
provide evidence that G-APDs would more than double the
sensitivity of IACTs currently equipped with conventional PMTs
[10,11].

4. Camera layout and baseline design

For the scientific program outlined above, the construction and
design of the novel G-APD camera has to meet stringent
requirements. First of all, shower images in the TeV-energy range
have to be fully contained in the camera. As an example, Fig. 3
shows a MC-simulated g-ray (a) and a proton shower image (b) in
a camera of two different diameters corresponding to a FoV of 3&

and 5&, respectively.
To fully contain the shower image, a FoV of 5& is preferred.

Furthermore, the camera housing has to be low-weight but for all
that robust and water tight to protect the detector against harsh
environmental impacts. The housing also incorporates slow
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Fig. 1. A photomontage of the refurbished HEGRA CT3 telescope with # 13 m2

mirror area (La Palma, Canary Islands, Spain).

Fig. 2. Superposition of G-APD noise signals (after amplification). Horizontal scale: 10 ns/div., vertical scale: 50 mV/div.
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control electronics, low voltage and bias regulators as well as a
temperature stabilization system. Moreover, a modular design for
easy replacement of all components is important to ensure regular
operation without prolonged interruptions. To protect the photo-
sensors during daytime, the camera will be equipped with an
automatic lid.

Each G-APD will be equipped with a parabolic shaped light-
guide [12] to maximize the active area and to shield against large-
angle stray light (Fig. 4). The evaluation of the optimal material
and the optimization of the light-guide geometry is still on-going.
The first step towards the final design of the camera involves the
construction of a first module comprising 144 G-APDs, as
illustrated in Fig. 5. The smallest unit is formed by one pixel,
consisting of 2! 2 G-APDs. The next larger element is the trigger

unit made up of 16 G-APDs; nine trigger units constitute a
module.

The camera construction will be done in three stages, as
illustrated in Fig. 6: a test module (Stage 0) with 1" FoV,
an intermediate camera with 3" FoV (Stage 1), large enough to
perform g/hadron separation, which will therefore be tested on
the Crab nebula TeV source, which is the standard candle
for IACTs, and the final camera design (Stage 2) offering a wide
FoV of 5" for regular observations. Stage 0 will be mounted on
HEGRA CT3 to test the system and to perform measurements of
the night sky background as well as to detect first cosmic ray
showers. The readout system of the first module is based on
existing VME-based electronics. Stage 1 and the final design
comprise electronics integrated in the camera housing.

5. Readout and data acquisition system

The analogue signals of four G-APDs of a camera pixel will be
linearly added and amplified by dedicated front-end electronics.
The summed signals will then be processed by a data acquisition
(DAQ) system based on the Domino Ring Sampler (DRS) [13] being
developed at PSI for the MEG experiment and used for the MAGIC
II readout [14]. A DRS-based DAQ system was already used in part
for the first detection of Cherenkov light from extended air
showers with G-APDs [9–11].

The DRS is an analogue sampling chip fabricated in a 0:25mm
CMOS process (Fig. 7). It provides 10 pipelines each consisting of a
1024 cell deep array of capacitors. The chip allows for high
sampling rates of 1–4 GHz, which is crucial for the sensitivity of an
IACT. The selection of a very narrow timing window allows the
sampling of the analogue signals with efficient suppression of the
night-sky background photons [15]. Each analogue pipeline is
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Fig. 3. MC simulated 1000 GeV g-ray (top) and 1000 GeV proton (bottom) induced
showers collected by a 10:5 m2-mirror. The red (blue) area corresponds to a FoV of
3" (5"), respectively. 2! 2 G-APDs are grouped to form a pixel. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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I. Braun et al. / Nuclear Instruments and Methods in Physics Research A 610 (2009) 400–403402



Jörg R. Hörandel, Astronomical Instrumentation 2020/21 �108
read out at 40 MHz with an external 12 bit flash analogue-to-
digital converter (FADC). The DRS chip has a low power
consumption and the integration with the front-end electronics
is foreseen with the advantage of less pick-up noise and little
signal dispersion.

The trigger decision will be based on discriminating the signals
of each pixel (2! 2 G-APDs) and generating majority information
from the trigger units.

6. Conclusions

The novel G-APD-based imaging camera is a small but
technologically very challenging project. The realization of the
project helps to gain expertise on using G-APDs in IACTs. By
installing the camera into the refurbished HEGRA CT3 or an
equivalent mount, we will be able to perform the first long-term
test of a G-APD camera under realistic conditions. The G-APD
camera will have an unprecedent sensitivity and it may therefore
be considered as a prototype camera for the next generation
IACTs, such as CTA [16].
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Fig. 5. From left to right: the Hamamatsu G-APD (MPPC S10362-33-100C), layout of a pixel (2! 2 G-APDs), a trigger unit (16 G-APDs) and a module assembled of 6! 6
pixels (144 G-APDs).
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Fig. 6. The camera baseline design.

Fig. 7. The DRS chip without and with ceramic package [13].
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control electronics, low voltage and bias regulators as well as a
temperature stabilization system. Moreover, a modular design for
easy replacement of all components is important to ensure regular
operation without prolonged interruptions. To protect the photo-
sensors during daytime, the camera will be equipped with an
automatic lid.

Each G-APD will be equipped with a parabolic shaped light-
guide [12] to maximize the active area and to shield against large-
angle stray light (Fig. 4). The evaluation of the optimal material
and the optimization of the light-guide geometry is still on-going.
The first step towards the final design of the camera involves the
construction of a first module comprising 144 G-APDs, as
illustrated in Fig. 5. The smallest unit is formed by one pixel,
consisting of 2! 2 G-APDs. The next larger element is the trigger

unit made up of 16 G-APDs; nine trigger units constitute a
module.

The camera construction will be done in three stages, as
illustrated in Fig. 6: a test module (Stage 0) with 1" FoV,
an intermediate camera with 3" FoV (Stage 1), large enough to
perform g/hadron separation, which will therefore be tested on
the Crab nebula TeV source, which is the standard candle
for IACTs, and the final camera design (Stage 2) offering a wide
FoV of 5" for regular observations. Stage 0 will be mounted on
HEGRA CT3 to test the system and to perform measurements of
the night sky background as well as to detect first cosmic ray
showers. The readout system of the first module is based on
existing VME-based electronics. Stage 1 and the final design
comprise electronics integrated in the camera housing.

5. Readout and data acquisition system

The analogue signals of four G-APDs of a camera pixel will be
linearly added and amplified by dedicated front-end electronics.
The summed signals will then be processed by a data acquisition
(DAQ) system based on the Domino Ring Sampler (DRS) [13] being
developed at PSI for the MEG experiment and used for the MAGIC
II readout [14]. A DRS-based DAQ system was already used in part
for the first detection of Cherenkov light from extended air
showers with G-APDs [9–11].

The DRS is an analogue sampling chip fabricated in a 0:25mm
CMOS process (Fig. 7). It provides 10 pipelines each consisting of a
1024 cell deep array of capacitors. The chip allows for high
sampling rates of 1–4 GHz, which is crucial for the sensitivity of an
IACT. The selection of a very narrow timing window allows the
sampling of the analogue signals with efficient suppression of the
night-sky background photons [15]. Each analogue pipeline is
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Fig. 3. MC simulated 1000 GeV g-ray (top) and 1000 GeV proton (bottom) induced
showers collected by a 10:5 m2-mirror. The red (blue) area corresponds to a FoV of
3" (5"), respectively. 2! 2 G-APDs are grouped to form a pixel. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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control electronics, low voltage and bias regulators as well as a
temperature stabilization system. Moreover, a modular design for
easy replacement of all components is important to ensure regular
operation without prolonged interruptions. To protect the photo-
sensors during daytime, the camera will be equipped with an
automatic lid.

Each G-APD will be equipped with a parabolic shaped light-
guide [12] to maximize the active area and to shield against large-
angle stray light (Fig. 4). The evaluation of the optimal material
and the optimization of the light-guide geometry is still on-going.
The first step towards the final design of the camera involves the
construction of a first module comprising 144 G-APDs, as
illustrated in Fig. 5. The smallest unit is formed by one pixel,
consisting of 2! 2 G-APDs. The next larger element is the trigger

unit made up of 16 G-APDs; nine trigger units constitute a
module.

The camera construction will be done in three stages, as
illustrated in Fig. 6: a test module (Stage 0) with 1" FoV,
an intermediate camera with 3" FoV (Stage 1), large enough to
perform g/hadron separation, which will therefore be tested on
the Crab nebula TeV source, which is the standard candle
for IACTs, and the final camera design (Stage 2) offering a wide
FoV of 5" for regular observations. Stage 0 will be mounted on
HEGRA CT3 to test the system and to perform measurements of
the night sky background as well as to detect first cosmic ray
showers. The readout system of the first module is based on
existing VME-based electronics. Stage 1 and the final design
comprise electronics integrated in the camera housing.

5. Readout and data acquisition system

The analogue signals of four G-APDs of a camera pixel will be
linearly added and amplified by dedicated front-end electronics.
The summed signals will then be processed by a data acquisition
(DAQ) system based on the Domino Ring Sampler (DRS) [13] being
developed at PSI for the MEG experiment and used for the MAGIC
II readout [14]. A DRS-based DAQ system was already used in part
for the first detection of Cherenkov light from extended air
showers with G-APDs [9–11].

The DRS is an analogue sampling chip fabricated in a 0:25mm
CMOS process (Fig. 7). It provides 10 pipelines each consisting of a
1024 cell deep array of capacitors. The chip allows for high
sampling rates of 1–4 GHz, which is crucial for the sensitivity of an
IACT. The selection of a very narrow timing window allows the
sampling of the analogue signals with efficient suppression of the
night-sky background photons [15]. Each analogue pipeline is
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Fig. 3. MC simulated 1000 GeV g-ray (top) and 1000 GeV proton (bottom) induced
showers collected by a 10:5 m2-mirror. The red (blue) area corresponds to a FoV of
3" (5"), respectively. 2! 2 G-APDs are grouped to form a pixel. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Figure 9. Two dimensional histograms (top) of the sampled waveform. The color scale starts at 0.5% of
the maximum bin. The shown multiplicities are 1, 3, 6 and 8 (top left to bottom right). For all multiplicities
between one and eight, a profile histogram has been filled (bottom). Fits to the profile histogram are shown
as black lines. The inlay shows all eight fits re-normalized with c0 = 1, c1 = 0 and N = 1. A good agreement
is visible.
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a b s t r a c t

The First G-APD Cherenkov Telescope (FACT) demonstrates the usability of novel Geiger-mode operated
Avalanche Photo Diodes (G-APD, often called SiPM) for Imaging Atmospheric Cherenkov Telescopes
(IACT). The camera consists of 1440 pixels with dedicated electronics operating at 2 Giga samples
per second. It is installed on the refurbished HEGRA telescope with a mirror area of ≈9.5 m2 on the
Canary Island La Palma. FACT is taking data almost every night since the camera was installed in October
2011. It was possible to improve the data taking efficiency to very high values due to the very stable and
reliable operation. This also allows to operate FACT remotely without any need for operators on site. Even
remote human intervention became less and less frequent over the years, allowing operation to become
mostly automatic. FACT is monitoring the long-term behavior of some very-high energy variable extra-
galactic sources with unparalleled sampling density as well as testing the behavior of the sensors under
severe weather conditions. Due to the long exposure of FACT's G-APDs under strong moonlight condi-
tions it was possible to evaluate the aging effects of G-APDs due to collected charge. No indication of
aging was found. No external calibration device is needed to operate FACT since the properties of the
sensors themselves allow for a high precision self-calibration of the camera.

& 2017 Published by Elsevier B.V.

1. Introduction

High energetic particles hitting the atmosphere create ex-
tended air showers which in turn emit Cherenkov light in dim and
short flashes which are detected by Imaging Atmospheric Cher-
enkov Telescopes (IACT). Due to the high background of ambient
light even under dark night conditions, IACT cameras need highly
sensitive photo sensors and fast readout electronics to be able to
record these signals. Such cameras need typically about 1000 in-
dividual pixels to distinguish in a statistical manner between air
showers induced by charged particles and gamma-rays. Current
IACT arrays such as H.E.S.S., MAGIC and VERITAS have proven that

the high energy sky is far more diverse than expected. The next
generation Cherenkov Telescope Array (CTA) is currently in the
prototyping phase.

Up until 2011, all IACTs used Photo Multiplier Tubes (PMT) as
photo sensors. The first generation of Geiger-mode Avalanche Photo
Diodes (G-APD), often called Silicon Photo Multipliers (SiPM) [1],
showed considerable dependencies of the temperature, so the
question arose, if these devices are a viable alternative to PMTs
under the variable and harsh operation conditions of IACTs [2].

In order to develop and demonstrate the feasibility of a G-APD
based camera, a collaboration was formed by ETH Zurich and the
Universities Geneva, Dortmund and Würzburg in 2008. The goal was
to build the First G-APD Cherenkov Telescope (FACT) on a refur-
bished 9.5 m2 HEGRA telescope mount at the Canary island La Palma.

In October 2011, the camera was installed after the mirrors and
drive system had been refurbished. Each of its 1440 pixels consist
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of a PMMA non imaging solid light guide, a G-APD based photo
sensor containing one Hamamatsu MPPC S10362-33-50C [3] and a
readout channel capable of 2 GHz sampling based on the DRS-4 [4]
chip. A detailed description of the system can be found in [5].

The first night after FACT's completion was a full moon night. A
system based on conventional PMTs would have been damaged, if
exposed to such bright moon light under standard operational
voltage. Due to the insensitivity of G-APDs to strong ambient light,
it was possible for FACT to record self-triggered Cherenkov images
with nominal sensor gain already few hours after its completion.
No G-APD related problem has caused any detector downtime
since then.

FACT regularly monitors the high-energy emission of several
bright extra-galactic sources and alerts the community in case of
bright flaring activities.

The success of FACT convinced the community, and several
SiPM based projects for CTA exist now.

2. Self calibrating camera

The first commercially available SiPM used for FACT show
strong temperature dependences. The gain changes by approxi-
mately 4% per degree kelvin. This is a challenge for the operation
of FACT, since IACTs being operated under the open sky have to
work in a temperature range spanning several tens of degrees.

Correcting for the gain detectors of the photo sensors in an
offline analysis is in principle possible, but applying such large
corrections during the analysis stage is not sufficient. To avoid
affecting the trigger, it is necessary to ensure stable gain condi-
tions during operation. Since the sensor's gain depends on the
temperature as well as the applied bias voltage, we have chosen to
adjust the bias voltage instead of setting up a complicated ther-
mostat for the entire photo detector plane. Initially, a dedicated,
temperature stabilized light pulser was planned to be used as a
gain calibration device. Periodically emitted light pulses of
homogeneous intensity over the photo detector plane would be
detected by the photo sensors, their answer analyzed in real time
and the applied bias voltage adjusted in order to keep the gain
constant. Additional temperature sensors distributed over the
photo detector plane (PDP) initially not planned to be used for gain
stabilization turned out to be at least as precise as the light pulser
based system, even though their number, distribution over the
PDP and readout frequency was not optimized for this. Since
spring 2012, FACT is fully relying on the measured temperatures
and there is no need for a sophisticated and stabilized external
light-pulser, significantly simplifying operation and maintenance.
The procedure is described in detail in [6].

An additional feature of SiPMs possibly affecting IACT operation
and performance is their dark noise, a spontaneous discharge of
G-APD cells resulting in a signal indistinguishable from a single
photon signal. The dark noise rate of a pixel in the FACT camera is
with ≈10 MHz per pixel, significantly lower than the rate of am-
bient photons even during darkest nights and therefore does not
affect operation or performance significantly.

SiPMs also show optical crosstalk, which is a discharge of a cell
inducing a correlated discharge of a neighboring cell on the same
chip. The crosstalk rate in FACT is ≈12% and has to be taken into
account in the Monte Carlo simulation used to estimate the energy
of the gamma-ray that induced a measured air shower.

Unlike with conventional PMT based photo detectors, it is
possible to calibrate and monitor the gain of each individual SiPM
pixel by making use of the aforementioned effects, dark noise and
optical crosstalk (Fig. 1).

Due to FACT's excellent single photon resolution the SiPM dark
noise spectrum (Fig. 2 left) can be measured. The right side of

Fig. 2 shows the combined overlay of spectra from all pixels over a
duration of about 6 months, while the operation temperature
varied by more than 20 K.

This clearly shows all pixels having very similar gain and more
important the gain of each pixel being constant over a large tem-
perature range. The variation of the gain over the full camera and
temperature range is less than 2.1%. The residual inhomogeneity is
dominated by the resolution of the power supplies [6].

3. Long term stability

Aging of conventional photo detectors such as PMTs is usually a
function of the total amount of light collected over their lifetime
and thus measured by the total collected charge.

Fig. 3 shows the integrated charge collected by each sensor
over time from May 20121 until Nov 2016.

FACT routinely operates also under strong moonlight condi-
tions, which leads to an increased total collected charge compared
to a PMT based camera operated for the same amount of time.

In addition, the spectral sensitivity of the utilized SiPM gen-
eration, which was the first commercially available, is not as op-
timized to the Cherenkov light spectrum as that of PMTs. Thus
more charge caused by ambient light is collected by FACT's SiPMs
as would be by conventional PMTs during the same time.

Fig. 4 shows the distribution of the average current per pixel
during operation of FACT since Oct. 2011. In good approximation,
the current is proportional to the amount of ambient light.

Assuming optimistically 1500 h of dark night per year one
can calculate that each sensor of FACT has so far collected the
same amount of signals as if operated for ≈15 years during dark
night.

Another possibility to monitor the long term stability of the
camera performance is to monitor the measured rate of cosmic ray
particle showers, since the flux of these particles is known to be
constant. Studying the trigger rate as a function of trigger
threshold one can identify two regions. The trigger rate is defined
by accidental triggers due to ambient light in the low threshold
region of Fig. 5, while the rate is dominated by air showers in-
duced by charged cosmic ray particles in the high threshold re-
gion. So by evaluating these cosmic ray trigger rates for different

Fig. 1. Photo of the First G-APD Cherenkov Telescope during data taking (P.Vogler).
The mirror has an area of ≈9.5 m2, and the camera consists of 1440 G-APD pixels
with a total field of view of about 4.5°.

1 For the oldest runs, the current has not been stored in the database.
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times one can gather information about a degradation of the
system as well as learn about atmospheric conditions [7].

No hint for a significant degradation of the photo sensors
during more than five years of operation in FACT has been found in
these studies.

It has been shown that it is possible to reach a very stable
operation without the need of SiPM temperature stabilization or
external calibration devices.

4. Automatic operation

Eliminating the need for a permanent data taking crew on site
was necessary in order to reduce cost and work load on FACT
collaboration members. Since summer 2012 this goal is already
accomplished,2 FACT operation had been overseen by remote op-
erators from their offices or homes.

Confidence in the reliability of the entire system including the
individual subsystems and their interconnection is necessary in
order to advance from an on site operator crew to remote opera-
tors. In order to achieve such confidence, reliable monitoring and
control of all subsystems is a necessity. All components of FACT are
connected via the same layer of interprocess communication
(DIM) [9].

Extensive monitoring of the system state including remote user
interaction is a requirement for remote operation. The experience
gained from studying the logged human interactions with the
system over several years made further automation possible. Each
need for nightly human interaction, be it restarting a mal-
functioning subsystem or informing the community about an
elevated flux measurement indicating a possible flaring source,
could be studied and consequently automatized.

Another improvement possible due to extensive automation
was to improve the actual ontime of the detector. A predefined
observation schedule, the reduction of calibration runs and rate
scans and an automatic and efficient reaction in case of mal-
functioning subsystems lead to great improvements in ontime.

Fig. 6 shows the evolution of data taking efficiency over the
past years. In 2016 when ever weather permitted the data taking
efficiency reached up to 95%.

Since more than one year an automatic alert system is being
tested. The goal of this alert system is to relieve remote operators
from their monitoring tasks and alert3 them in case human in-
tervention is necessary. Several fall back mechanisms are in place
in order to further improve reliability, such as alerting further
operators in case the designated operator on call does not react on
alerts within a given time.

Fig. 2. Dark noise signal spectrum measured with FACT [6]. Photo electron peaks are clearly distinguishable. The distance between the peaks corresponds to the gain for this
pixel. The left figure shows the spectrum measured for a single pixel, extracted from 10,000 random triggers. The right plot shows an overlay of spectra of more than
1400 pixels measured over a temperature range of 20 K during more than 6 months.

Fig. 3. Integrated amount of charge collected by each sensor between May 2012
and Nov 2016.

Fig. 4. Distribution of the average current per pixel. The peak corresponds to dark
night conditions, while the higher the current, the more ambient light (moonlight)
is collected.

Fig. 5. Comparing Trigger rates versus trigger threshold [8]. Good atmospheric
conditions and different moonlight and temperature conditions during 2012 are
shown in black. Another good night from 3 years later is shown in red. The very
good agreement of the measured flux of charged cosmic ray particles clearly shows
that the performance of FACT does not significantly depend on temperature or
moonlight conditions, nor is there any indication for aging effects. At rates above
≈10 Hz7 , the trigger system saturates.

2 In the unlikely case of complete power loss the crew of the nearby MAGIC
telescopes can be asked for help.

3 Different communication channels are utilized here in order to avoid a single
point of failure.
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Figure 6.7: Image of the inside of the dark box setup. In the center on top of the board a 3d printed frame is
placed to hold the scintillator block in place. On the top and left side of the image exit ports are situated for

signal output and command and power input. The module on the right side inside the box is a voltage
converter.

Figure 6.8: Image showing the setup for measuring muons. The dark box in the center is connected to (from
left to right) an oscilloscope to check the correct MPPC signal shape, power source to power the board, a

counter for measuring coincidence triggers and a laptop with Labview software to control the board (The red
module in the back is not used).

Data Group [12] that states that on average 130 muons per second per meter squared arrive at
sea level. The scintillator dimensions of the top side are 6.5 ⇥ 7.5 cm resulting in 0.487 muons
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Chapter 6

Measurements

In this chapter, with the feedback mechanism from section 5.8 implemented, measurements are
performed with the detector:

• First, the ability to measure photons correctly is tested with a pulsating light source
(section 6.1). The setup for this is shown on the left side of figure 6.1. Located above
the two MPPCs is an optical fiber that shines a short pulse of monochrome light on the
sensors. The opening angle of the beam is 25� so that at a height of a few centimeters
both sensors receive the light.

• Secondly, a scintillator block is mounted on top of the two sensors to measure the muon
rate (section 6.3). This is shown on the right side of figure 6.1. To determine the e�ciency
of the light collection of the multi pixel photon counters (MPPCs) a model is constructed
in section 6.2.

Figure 6.1: Schematic of the two setups described in this chapter. On the left a pulsating light source shines
light from an optical fiber to the two MPPCs (section 6.1). On the right a scintillator is mounted on top of the
MPPCs so cosmic-ray-induced light can be detected (section 6.2 and 6.3). The depth of scintillator is 75 mm.

6.1 Pulsating Light Source

To test for correct operation of the MPPCs, a pulsating monochrome light source is used at
� = 389 nm, which is rather close to the � = 435 nm light (peak of emission) that is produced
in the scintillating material that will be used later. The pulse frequency is 10 kHz and the
equipment provides a trigger signal for the Tektronix DPO 5204 oscilloscope to see whether the
MPPCs fire when light is emitted. The board is placed in a dark box together with the light
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Figure 6.9: Measured muon flux at � 6 p.e. as function of measurement time, binned per 1000 seconds. The
blue parts are the measurements done without any reflecting surface around the scintillator. In green the

results are shown for a measurement with the block partially covered with aluminium foil, which increased the
received light and thus also detected cosmic rays. In red a separate measurement is shown where the scintillator
block is removed so the coincidence noise could be measured. The average muon count with 1� Poisson error is
plotted an a thin vertical line with shaded error region. The normalized neutron monitor station data from the
Kiel station (Germany) is plotted (spiked line) on top of the average muon count to check that no rapid change

in cosmic-ray flux occurred during the measurements [1].

Muon flux (mHz) Noise flux (mHz) E�ciency [%] S/N
� 4 p.e. 78.33± 4.44 40.00± 4.47 16.08 1.96
� 5 p.e. 57.67± 3.15 2.00± 0.63 11.84 28.84
� 6 p.e. 37.26± 1.40 0.10± 0.07 7.65 372.60
� 6 p.e. (no refl.) 16.00± 0.94 0.10± 0.07 3.29 160.00

Table 6.3: Table showing the measured muon count and noise count per 1000 seconds, the resulting signal to
noise ratio, and the muon detection e�ciency based on the expected muon flux of 0.487 Hz [12]. Errors are a 1�
Poisson error. Measurements are done for � 4, � 5, and � 6 p.e. with aluminium reflecting layer and for � 6
p.e. without this layer. The last two lines of the table correspond to the data in figure 6.9. Note that the noise

is already subtracted from the listed muon count.

per second7. In the ideal case, where all muons produce enough light for the MPPCs to trigger,
all cosmic rays arrive perpendicular to the largest scintillator surface, and all measurements are
done in the open sky (instead of the metal/concrete roof above this setup), then this would be
the maximum value that can be achieved. But because these last two conditions are not met
completely, the e�ciencies in table 6.3 are underestimations and should be seen as minimum
e�ciencies.

The bottom graph of the figure shows the muon count with reflector (red), muon count
without reflector (green), and noise (blue) as fraction of this maximum. Also included are the

7Note that this value assumes cosmic rays coming from the zenith hitting the block at its largest e↵ective
area. Also the expected flux varies over time like in figure 2.3 and on top of that all flux measurements preformed
have a roof above them with steel framing blocking a small fraction of the muons at all times.
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Figure 6.3: Figure similar to figure 5.13. In the lower left graph it shows the detected coincidence events from 1
million pulses from a monochrome pulsating light source with histograms for both axes shown in the top and

right graphs. The zero-signal voltage is 2.5 V and the dots in the lower left graph show the identified peaks of a
pulse generated by the MPPC. The di↵erent colors separate di↵erent p.e. levels by their threshold value. The
top histogram shows constant flux in time. The right histogram shows the spread of the bands and shows an

exponential decrease in number of detections for higher p.e. levels. The black dots show the total count per bin
(note that all signals at �6 p.e. are stored in the yellow bin). Each pulse is measured in a 500 ns bu↵er,

resulting in a total measurement time of 0.4975 seconds. Coincidence is determined by python code matching
MPPC1 and MPPC2 triggers within 10 ns. Note that with larger sample size than in the noise measurement of

chapter 5 also the bands above 6 p.e. level now resolve clearly.

To check if it indeed works as desired the results from these two methods will now be compared
using ⇠ 106 acquired samples for both. The software coincidence for the 0.995 · 106 samples1 is
shown in figure 6.3 and the the hardware coincidence for 106 samples in figure 6.4.

At first glance they look very similar. Both show similar and clear p.e. bands. The feedback
equation has succeeded in tuning Vthr, Vapd, and T so that only triggers � 6 p.e. are selected.
One big di↵erence is the final count. The hardware coincidence shows 2016 out of 106 triggers
while the software coincidence shows 1108 out of 0.995 · 106. This di↵erence of a factor 1.81
might be explained by the combination of several e↵ects; possible causes are discussed below:

• The largest e↵ect might be found in the misalignment of the pulsating light source with
respect to the two sensors. Between the two measurements the light source needed to be
moved to gain access to the connector cables. The two sensors can then receive di↵erent
amounts of light and the coincidence count will be proportional to the sensor with the
least amount of received light. The results of this are shown in table 6.1 for the software
coincidence of the � 6 p.e.-triggers for the pulsating light source. It shows that channel A

1A problem in writing to file of the data occurred for 5 of the 1000 files, so these were removed.
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Figure 2.1: A typical configuration of a REXUS sounding rocket [4].

In the service module were GPS sensors and angle velocity (roll, pitch and yaw) sensors
among other sensors. The trajectory of the rocket could be obtained from the GPS data. From
the angle velocity sensors the direction of the rocket at di↵erent times throughout the flight
could be acquired [4].
The roll, pitch, and yaw sensor measures the rotation rate in the body frame of the rocket
(figure 4.3).

2.3.2 Nominal Trajectory

The trajectory of a rocket depends on a lot of factors, such as the weight of the payload and the
configuration of the rocket. From previous REXUS flights the expected apogee and trajectory
were known (figure 2.2).

Figure 2.2: The trajectory of previous REXUS flights, based on di↵erent payload weights di↵erent altitudes are
expected to be reached [4]. The flight in red shows the trajectory of REXUS flight 21.

At about 26 seconds after lift-o↵ the rocket is expected to burn-out. The REXUS 25 mission
also contains a de-spin system to stabilise the rocket after the launch phase. This procedure is
expected to start around 65 seconds after lift-o↵, right after the nose cone ejection at 61 seconds
into the flight. Around 140 seconds after lift-o↵ the apogee of between 80 km and 90 km altitude
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is expected to be reached, after which the rocket starts to tumble back to earth. A parachute
is opened to reduce the impact speed, at 380 seconds after lift-o↵. These figures are based on
an earlier REXUS flight (flight number 10) [4].

2.4 The PR3 Module

The module has a diameter of 14 inches, with a 4 mm thick aluminium outer cylinder and it is
120 mm tall [4]. In this module the CubeSat cosmic-ray detector is set in between the two COTS
camera sensors (figure 2.3). The larger grey box, which is opened in the upper picture showing
electronics in 2.3, contains the high accuracy tracking device. In order for the COTS sensors to
be able to measure cosmic-rays three ”windows” have been made in the outer cylinder. These
windows consist of a thinner piece of aluminium, so that the radiation is able to pass through.
The thickness of the windows is approximately 1 mm.
The rocket is tracked by the triangulation. The high accuracy tracking device works together
with three ground stations in order to calculate the location and orientation of the rocket. A
live feed is send from the ground stations to the control centre, next to that more accurate data
is stored on the ground stations.
The grey box circeled in picture 2.3 is the CubeSat cosmic-ray detector. The grey box is the
scintillator that has been taped over, in order to prevent outside light from interfering with the
measurements. Below the gray box the MPPC’s are situated.

Figure 2.3: The PR3 module, without the outer rim. The circled gray box is the CubeSat cosmic-ray detector.
And the PR3 module in the rocket.

2.5 Specifications of the CubeSat Cosmic-Ray Detector

As said in section 1.4.2 the CubeSat cosmic-ray detector consists of a scintillator and MPPCs
on a circuit board. The scintillator used in this experiment is a NE-110 plastic scintillator [19].
The light emitted by the scintillator then travels through the scintillator and/or the optical
fibers to two s12571-050c type MPPCs. The signal from the MPPCs is processed by the circuit
shown in figure 2.4, and stored on the Field-Programmable Gate Array (FPGA) if the output
of the MPPCs gives a spike at the same time.
A voltage, VAPD based on the detection e�ciency and maximum background noise of the
MPPCs, is supplied to the MPPCs. The voltage output of the MPPCs is then compared to
threshold voltages, Vthr. The threshold voltage is also set as to optimise the e�ciency versus
noise. If the threshold voltage is exceeded by the MPPC output voltage, a signal is send through
a flipflop and delay circuit. This is done so that a coincidence between the two signals, in a
small time frame, can be found. If such a coincidence is found, the output signal (that was
gathered in the small time frame) triggers the di↵erential driver to switch between high and
low output signal. This allows for the FPGa to get a read-out of the signal, and the amount of
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Figure 3.5: Barometric pressure versus counts. Notice the di↵erence in the slope of the curve in the ascent and
descent parts of the graph. As the pressure sensors were mounted inside the hull of the rocket this could have
been caused by the time it takes for the air to get into or out of the hull, thereby slowing down the pressure

decrease on the way up, and slowing down the pressure increase on the way down.

Figure 3.6: Atmospheric depth versus cosmic-ray count rate graphs, the atmospheric depth was obtained from
data from the GDAS. Notice that both axes are scaled logarithmically. The points on the right represent near
earth point, and the ones on the left are at high altitudes. There is no clear Pfotzer maximum visible in this

graph.
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Figure 3.2: Altitude versus time, the time is counted from the lifto↵. The altitude up to t=124 seconds was
obtained from satellite data from the REXUS 25 flight, the altitude for times larger than 124 seconds into the

flight was obtained from the REXUS 26 flight data.

Figure 3.3: Barometric pressure versus time, the pressure data was obtained by the HEGDEHOG team on
board of the REXUS 25 flight. Notice that the pressure drops to nearly zero at 45 seconds into the flight, it
drops to absolutely zero at around 70 seconds into the flight. At around 225 seconds after lift-o↵ the pressure

increases again.

3.2.2 Counts and Pfotzer maximum

Using the altitude data, from the combination of REXUS 25 and REXUS 26, together with
the measured counts for the cosmic radiation a cosmic-ray count rate versus altitude graph is
reconstructed. This is done in order to get a look at the shape of the Pfotzer maximum, from
which the ratio of high and low energy particles can roughly be estimated.
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