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∗Centro Atómico Constituyentes (Comisión Nacional de Energı́a Atómica/CONICET/UTN-FRBA)
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Abstract. AMIGA consists of 85 detector pairs each
one composed of a surface water-Cherenkov detector
and a buried muon counter. Each muon counter
has an area of 30 m2 and is made of scintillator
strips with doped optical fibers glued to them, which
guide the light to 64 pixel photomultiplier tubes.
The detector pairs are arranged at 433 and 750 m
array spacings in order to perform a detailed study
of the 1017 eV to 1019 eV spectrum region. Design
parameters and performance requisites are outlined.
Construction of the first muon detectors, associated
software and hardware, and the results of laboratory
tests are described. Some preliminary results on the
performance of the 750 m array of surface detectors
are presented.
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I. INTRODUCTION

The Pierre Auger Observatory was built to detect the
highest energy cosmic rays known in nature with two
distinctive design features, a large size and a hybrid
detection system in an effort to observe a large number
of events per year with minimum systematic uncertain-
ties. The Southern component of the Auger Observatory
is located in the Province of Mendoza, Argentina, and
it spans an area of 3000 km2 covered with over 1600
water Cherenkov surface detectors (SDs) deployed on
a 1500 m triangular grid with 24 fluorescence detector
(FD) telescopes grouped in units of 6 at four sites
on the array periphery, each one with a 30◦ × 30◦

elevation and azimuth field of view [1], [2]. With such
a geometry the Auger Observatory has been able to cast
light on two spectral features at the highest energies,
the ankle and the GZK-cutoff [3], [4]. At lower energies
the electromagnetic fields deflect the particle trajectories
rendering impossible to identify the sources, but still
composition studies should help discriminate whether
the sources are galactic or extragalactic, and where
the transition occurs. Besides the mentioned ankle and
GZK-cutoff, the cosmic ray spectrum has two other
features where the spectral index abruptly changes: the
knee (∼ 4× 1015 eV) and the second knee (∼ 4× 1017

eV). The transition from galactic to extragalactic sources
is assumed to occur either at the second knee or along
the ankle (see [5] and references therein) and the way
to identify it would be a change in the cosmic ray

composition from dominant heavy primaries to either
a mixed or light-dominated composition.

II. AMIGA BASELINE DESIGN

Within the Auger baseline design described above, the
surface array is fully efficient above ∼ 3 × 1018 eV
and in the hybrid mode this range is extended down to
∼ 1018 eV which does not suffice to study the second
knee - ankle region. For this purpose [6], Auger has
two enhancements: AMIGA (“Auger Muons and Infill
for the Ground Array”) [5], [7], [8] and HEAT (“High
Elevation Auger Telescopes”) [9]. Only a small area is
needed since the cosmic ray flux increases rapidly with
decreasing particle total energy. On the other hand, the
detectors have to be deployed at shorter distances among
each other in a denser array since lower energies imply a
smaller air shower footprint. AMIGA consists of a group
of detector pairs deployed in a denser array comprising
61 detectors spaced 750 m apart and 24 extra detectors
spaced 433 m apart. All 85 pairs are placed within de
1500 m SD array. This group of SDs is referred in this
paper as the Graded Infill Array or simply the infill.
Currently the infill has 35 surface detectors, which have
been operational since September 2008, accounting for
40% of its planned full aperture. Figure 1 shows the
deployment progress of the infill in the Southern Auger
Observatory at the time of this paper.

Each AMIGA detector pair consists of a water
Cherenkov SD and a neighboring buried muon counter
(MC). The MC consists of three scintillator modules
each one lodged in a PVC casing. The scintillators are
highly segmented in strips 400 cm long × 4.1 cm wide ×
1.0 cm high made of extruded polystyrene doped with
fluor and co-extruded with a TiO2 reflecting coating.
They have a groove on the top side where a wave-length-
shifter optical fiber is glued and covered with reflective
foil. The fibers end at an optical connector matched and
aligned to a 64 channel multi anode Hamamatsu H8804
photomultiplier tube (PMT) of 2 mm × 2 mm pixels.
The coupling of the fibers to the PMT requires a fine
polishing of the surface that touches the glass on top of
the photocathode. For this purpose we use a fly-cutter
to polish the surface of the 64 fibers attached to the
optical connector as a single unit in order to make the
fibers-connector surface as even as possible. The contact
of the fiber connector to the PMT glass is lubricated
with optical grease and the alignment system chosen for
the PMT to fibers coupling is the same one as used by
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Fig. 1: The Graded Infill Array of the Southern Auger
Observatory. The bigger hexagon highlights the 750m
spaced SDs. The next smaller hexagon highlights the
denser 433m spaced SDs, not deployed yet. The smallest
hexagon highlights the UC. The crossed SDs are part of
the 750 m array but still not deployed on site at the time
of this paper. The darkest spots indicate the SDs that are
part of the Auger original array.

the OPERA project (see Figure 47 in [10]). Each MC
would then be composed of 192 independent channels
buried alongside a SD at a depth to be experimentally
determined [11].

To test the baseline design, an engineering array also
called Unitary Cell (UC) is being built at 7 of the 61
surface detector stations locations in the 750 m infill
array, forming an hexagon around the “Los Piojos”
central SD. In this array, each MC is composed of 4
modules rather than 3 since a module is halved into
two with 200 cm long scintillator bars, providing 256
independent channels in order to assess muon pile-up
close to the airshower core. Each MC of the UC will be
buried 2.25 m deep.

Figure 2 shows a diagram of the scintillator module.
The 64 400 cm strips are placed in two groups of 32
at each side of a central dome where the electronics
is lodged. The module casing is built with PVC panels
(transparent in the figure to reveal the strips) onto which
the strips with fibers are glued. Structural stability is
provided by four PVC U section bars placed at both
sides of the central dome all along the module. The UC
MCs are equipped with 0.8 mm diameter St. Gobbin and
1.0 mm diameter Kuraray fibers for the 200 cm and 400
cm strips, respectively.

AMIGA electronics have both an underground and
a surface component powered by solar panels, which
provide a total of 20W, 24V DC supply to the buried MC
on each SD pair. Each scintillator module has a PMT to
which a set of printed circuit boards (PCBs) are con-
nected to provide PMT pulse filtering and amplification,
digitization, sampling and storing in an internal memory
(see [12] for more details on the PCBs). Each PMT
signal is filtered by an inverter amplifier of gain ∼ 3.8
and digitized, whose output is sampled and transformed
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Fig. 2: AMIGA scintillator module. Top PVC panels
covering the scintillator strips are not shown. High-
lighted are the strips, the PVC U bars, the PMT and
electronics dome, zoomed in the top right insert.

into digital data by a Cyclone III EP3C25 Field Pro-
grammable Gate Array (FPGA) from Altera every 3.125
ns [12], [13]. The discrimination level can be controlled
independently for each of the 64 channels using 8
units of 8-channel programmable 12 bit digital-to-analog
converters (TLV5630 by Texas Instruments) which are
commanded at any given time from the FPGA. After
laboratory experiments, the threshold was set at ∼ 30%
of the pixel mean single photo electron (SPE) amplitude
(∼ 15 mV after amplification). The underground elec-
tronics is regulated by a microcontroller (TMS470 16-
bit Risc by Texas Instruments) which performs the data
transfer to the surface and the slow control (temperature,
humidity and power supplies monitoring).

The digitized pulses are continuously stored in a
circular buffer in a static RAM memory, task performed
by the FPGA, and upon reception of an SD trigger signal
they are adequately channeled through a CAN bus by
the microcontroller to the surface detector [13]. On the
surface a single board microcomputer receives the data
and upon a request from the central data acquisition
system at the Auger campus, transmits both SD and MC
data by a radio link using the IEEE 802.15.4 standard,
as proposed for the AMIGA network. The topology
used for this network is point-to-multipoint, in which
every SD of the infill connects to a hub in the nearby
Coihueco hill. Ultra low power consumption, industrial
grade XBee pro radios working over IP are used for this
purpose. The Linux TUN driver running on the single
board microcomputer of the surface detector is used to
tunnel the IP network through the serial port and the
XBee radio. Relatively low bit rate (effective ∼ 125
kbps) and 100 bytes frames requires header compression
for IP traffic. The first successful tests with the 802.15.4
installed on the “Tierra del Fuego” SD showed no data
loss and a reliable communication to the Auger campus.
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Fig. 3: Analog train of pulses produced by an impinging
background muon on a scintillator strip and schematics
of data digitalization.
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Fig. 4: Diagram of the one-bit sampling system used by
the AMIGA front end. The Y axis indicate the number of
each arriving pulse at a given channel of the PMT from a
muon excited scintillator bar. The X axis indicates time.

A smaller 16 channel version of the scintillator mod-
ule was built in 2007 and buried for three months in
Centro Atómico Constituyentes (CAC) in Buenos Aires.
We measured the amplitude and charge histograms for
a Hamamatsu H8711-06 PMT both on the surface and
underground. The results showed no significant change
on the performance in this first successful data taken
from a buried prototype [14].

A typical amplified train of pulses produced by a
background muon is shown in Figure 3, labeled “analog
signal”. We see it comprises of four distinctive pulses,
the fourth one is an isolated SPE pulse while the third
one is a pile up of more than one SPE. Indicated are the
equivalent voltage values for the mean SPE amplitude
(labeled 100% SPE) and the discrimination level at 30%.

Fig. 5: AMIGA Scanner built at Centro Atómico Con-
stituyentes

The digits on top of each pulse indicate the deduced
cumulative number of SPEs that arrive at the PMT. The
expected discrimination of this signal is labeled in Figure
3 as “digital signal” and the 0 − 1 string illustrates
the output of the four possible 3.125 ns FPGA signals
(see [12] for prototype measurements of the sampling
process). Results of the simulated sampling and muon
counting process are shown in Figure 4, as performed
by the analog front end and the digital board under
a one-bit system. This plot shows the arrival time of
12 SPE pulses (labeled “initial pulses”) generated in a
given channel of the scintillator module by an imping-
ing background muon and their corresponding duration
(indicated by the length in the X direction of the 12
lines distributed in the Y axis from 1 to 12). The arrival
time of each “initial pulse” is simulated based on results
obtained from the characterization of the scintillator-
fiber system, and their duration in time is obtained from
measurements of the analog front end characterization.
The “overlapped pulses” is the resulting digitized signal
obtained at the front end after discrimination, comprised
of the overlapping of all the analog “initial pulses” in
time. The “digital samples” are taken at locations with
a mean 3.125 ns separation with fluctuations which take
into account the jitter introduced during the sampling
by the FPGA. The “window” between inverted triangles
denotes the time frame within which no further muon
counts are allowed. The AMIGA trigger counts a muon
if three or more “digital samples” of value S1 are within
this time window. If exactly two S1s are within the time
window, they will be counted as a muon if and only if
there is one or more S0s between them. Note that the
late coming SPE is not overcounted as a muon. AMIGA
digital electronics uses a digital 0 for S1 and a digital 1
for S0. These values are switched in these simulations
for clarity purposes.

PMTs will be tested in a dark box built in the AMIGA
laboratory at CAC before transportation to the Auger
Observatory. The relevant parameters to be checked
for each PMT are: relative quantum efficiency, gain
uniformity between pixels, crosstalk, overall dark-rate
(sum of 64 channels) and the SPE mean amplitude.
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Fig. 6: Reconstruction of arrival direction with and
without infill SDs histogram. ϕ represents the difference
between angles of arrival of the reconstructed shower
with minus without the infill measurements.

The response of each scintillator strip will be charac-
terized with a 5 mCu 137Cs radioactive source mounted
on an X-Y positioning system or “scanner” designed
for this purpose. Figure 5 shows the AMIGA scanner
as mounted today in the scintillator module assembly
workshop at CAC. The X-Y positioning system has two
1 mm precision linear guides, one for each dimension
moved by step-by-step motors. The positioning system
has a total effective displacement of 3.75 m in the X
axis and 4 m in the Y axis, expandable up to 9 m. Data
collected on the scintillator modules tests will be stored
on the AMIGA detectors database to keep track of the
status of all the MCs during and after the deployment,
and for simulation purposes.

III. INFILL MEASUREMENTS

AMIGA data acquisition has now started with the
SD 750 m infilled area and preliminary analyzes are
presented with a data set restricted to events with zenith
angle θ < 60◦ and well constrained within the infill (i.e.
with the six SDs of the hexagon enclosing the highest
signal SD in its center active). The graded infill was
envisaged to both have saturated efficiency down to 1017

eV and significantly improve and test on the main array
reconstruction uncertainties [8]. The latter was tested by
reconstructing events with and without the infill and by
imposing further data cuts of ≥ 7 and ≥ 3 SDs, respec-
tively. The distribution of the space angle differences
between the mentioned reconstructions are compared in
Figure 6. The 68% of such differences results to be
inside 1.4◦, which shows the good compatibility of the
two arrays, and is mostly related to the uncertainty of the
Auger regular reconstruction due to the expected better
infill accuracy being a denser array.

We also focused on a study of the preliminary energy
calibration (see [15] for the method details as applied to
the 1500 m SD array) based on events simultaneously
detected by the infill and the FD. Note that although
the infill and main array calibrations are both extracted
from FD energy measurements, they will differ since
they have to be optimized for different energy ranges,
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Fig. 7: Correlation between S(600, 38◦) and the FD
energy

infill signals are more attenuated with zenith angle, and
the infill shower ground parameter is taken at 600 m
instead of 1000 m.

Figure 7 shows the correlation between the con-
stant intensity cut corrected shower ground parameter
S(600, 38◦) and the FD assigned energy fitted with an
exponential function.

IV. SUMMARY

The AMIGA baseline design is finalized and outlined.
Final design details are being adjusted in the electronics
and the mechanical mounting at the time of this paper.
The laboratory tests on the scintillator module prototype
and the electronics show positive results. A muon detec-
tor module was buried and successfully operated. Field
tests on the communications also show system reliability.
Infill data acquisition has already began and analysis led
to a preliminary calibration.
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