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Abstract: The AMIGA project is an enhancement of the Pierre Auger Observatory. The engineering array
consists in a hexagon of seven scintillator counters in eachof the vertices and center, buried close to each station
of an Auger Surface Detector infill. The counters are dividedin 10 m2 modules segmented in 64 scintillator
strips and coupled to a multi-anode PMT. The electronic system of a single module acquires and processes the
signals of the PMT, and transfers the data to the surface. An electronics interface board was designed to extract
the data from the counter and to provide a remote control of the system. In this work, we present its design and
performance during the AMIGA first acquisition period in 2012.
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1 Introduction.
The Pierre Auger Observatory has been upgraded to lower
its energy range down to 1017eV. AMIGA (Auger Moun
Infill for the Ground Array) and HEAT (High Elevation
Auger Telescopes) are the enhancements of the observa-
tory baseline design that will allow detailed composition
studies based on the combined measurement of the atmo-
spheric depth of maximum shower development, Xmax, and
the shower muon content [1].

AMIGA consists of a double graded infilled area of
standard water-Cherenkov detectors deployed in a triangu-
lar grid of 750 m spacing, each with an associated muon
counter.

Seven prototypes of the muon counter were developed
and installed in an area called the Unitary Cell. The Unitary
Cell forms a hexagon with seven scintillation counters in
each of its vertices and center, close to a water-Cherenkov
detector (figure 1). These prototypes consist of one 10 m2

scintillation detector lodged in a PVC casing. The scintil-
lators are 400 cm long× 4.1 cm wide× 1 cm high strips
made out extruded polystyrene doped with fluor and co-
extruded with a TiO2 reflecting coating. Each counter has
64 strips that are placed in two groups of 32 at each side
of a central dome where the photomultiplier and electron-
ics are located. Optical fibers (Saint Gobain of 1.2 mm di-
ameter) are attached with optical cement in a groove along
the strips. The fibers end at an optical connector, matched
and aligned to a 64 channel multi-anode photomultiplier
tube (PMT) Hamamatsu H8804 with 2 mm× 2 mm pixels.
To avoid contamination from the electromagnetic compo-
nent of the shower, the counters are buried underground at
a depth equivalent to≈540 g/cm2.

2 Electronic system of the first muon
counter prototype.

The AMIGA counter electronics counts pulses above a
given threshold level. Stored samples of each strip are col-
lections of logical 1 or 0 depending on whether the signal
surpasses a given adjustable threshold, which is foreseen
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Figure 1: Unitary Cell. Pairs of water-Cherenkov (WCD)
and muon counters (MC). Yeka (YE), Toune (TO), Los Pio-
jos (LP), Phil Collins (PC), Kathy Turner (KT), Corrientes
(CO), Heisenberg (HE).

to be around 30% of the mean amplitude of a single photo-
electron (SPE) [2].

The electronic system of the muon counter is split into
two different kits, a kit buried at a depth of≈ 2.25 m
(underground electronics) and a kit located inside the
dome of the water-Cherenkov detector (surface electron-
ics) (figure 2). The surface electronics of the scintillation
counter, has two main components: a wireless communi-
cation system developed on a TS7260 Single Board Com-
puter (SBC) from Technologic Systems, and hardware re-
lated to synchronization with the electronics of the water-
Cherenkov detector. The SBC, running a linux operating
system, also schedules the acquisition routines of the scin-
tillation counter.

The underground electronics of the muon counter is
accessible via a service tube and consists of a 64 pix-
els/channels PMT, an analog front-end divided in eight
daughter boards and supported by a motherboard, a digital
board that includes the FPGA and memory banks, the inter-
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Figure 2: Muon counter and WCD layout.
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Figure 3: Underground electronics mounted in a scintilla-
tion module. From top to bottom: power distributor board
(PDB), interface and control board, digital board (DB),
analog daughter boards (ADB), motherboard (MB) and
PMT.

face and control board, and a the power distributor board
(figure 3).

The interface and control board must be in charge of
the underground electronics control, provide an interface
for the automatic processes implemented in the surface
electronics, and include the monitoring circuits. In this way
the surface electronics (SBC) schedules the tasks that are
going to be executed by the interface board.

In this work we present the design and performance of
the interface and control board designed for the first muon
counter prototype described above. The underground elec-
tronic system has been upgraded in 2013 [3] and it is being
used for design validation analysis [4]

3 Interface and control objectives of the
first prototype.

The underground electronics without its interface and con-
trol board only provides the analog front-end circuits,
a memory bank and a FPGA device that must be pro-
grammed with the configuration file. Then, the interface
and control board has to provide the control circuits and
ensures a proper operation of the moun counter, its de-
sign is based on custom acquisition modes and the muon
counter layout. In order to design the interface and con-
trol board, three possible acquisition modes were analysed:
stand-alone trigger, external trigger and calibration.

• Stand-alone trigger: The trigger condition is
achieved by the presence of signal in specific chan-
nels. The aim of this acquisition mode is to know
the trigger rate of a channel/strip or group of chan-

nels/strips given a known threshold level and a PMT
voltage. Data rates are coded in 10 bits words.

• External trigger: Is the main acquisition mode of the
moun counter used to store the signal traces when
a T1 signal coming from the water-Cherenkov de-
tector is received by the counter. The traces of the
first Unitary Cell prototypes have 9.6µs length with
a trigger point at 3.2µs. Each event is a collection of
768 words of 64 bits corresponding to each of the 64
channels/strips sampled at 320 MHz and stored at 80
MHz. All the traces are stored locally in the memory
bank (digital board) until a T3 [5] is received from
the Central Data Acquisition (CDAS) of the Pierre
Auger Observatory , then the muon counter has to
locate the requested trace in the memory bank and
transmit it via Wi Fi to CDAS.

• Calibration: The counter operates in stand-alone trig-
ger mode but the threshold level is swept in a given
range to look for a given trigger rate. In this case
recorded data are traces.

The main difference between the external trigger mode
and the other two modes is that in external trigger the
counter has to work in real time. Therefore, the transfer
speed between the underground and the surface electron-
ics has to be enough to satisfy the external trigger mode.
According to the acquisition modes described above, the
interface must include not only the circuits but also must
control the analog front-end and the digital board.

4 Hardware design.
To fulfil the objectives of the interface and control board
its hardware design must includes the following features:

• Data transfer rate: The size of the muon counter
trace is 6 kB (768×8bytes) . The rate of external
trigger mode is defined by the T3 rate in the infill.
The T3 rate was measured to be≈ 150 events per
day (peak value) during a test period of 6 months.
In external trigger mode, the interface board has to
allow at least a continuous rate of 86 bps. However
in calibration mode, more than one trace need to be
recorded at each threshold level.

• Physical line: At least a 20 m bus length is
needed because of the distance between the water-
Cherenkov detector and the underground electronics
(figure 2). The transceiver in the underground elec-
tronics must work with 3.3 V and the transceiver in
the surface electronics must work with 5 V due to
compatibility reasons with the underground and sur-
face electronic kits already implemented.

• Slow control: The interface has to include a DAC
(digital to analog converter) to set the PMT voltage
level and it has to be monitored to ensure a proper
PMT gain.

• FPGA configuration and data handling: Threshold
levels, acquisition modes, channel selection and type
of data must be selected via the FPGA with a 16 bit
parallel bus with an 8 bit address bus.
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Figure 4: Interface and control board.

• Monitoring: The regulator outputs from the mother-
board and the digital board have to be monitored by
the interface to detect any failure during acquisition.
Also the PMT and the board temperatures have to be
acquired to check the temperature span in the under-
ground electronics enclosure. Additionally, the lines
coming from the motherboard have to be isolated
from the interface ground.

• FPGA programming: This task has to be done every
time the system is powered up or in case a new up-
grade of the FPGA code is ready to be downloaded.
The programming has to be done through a serial
connection using the passive serial protocol from Al-
tera.

• Low power consumption components: all the elec-
tronics components must be standard and low power
consumption since the muon counter is powered
with a solar power system.

The microcontroller (µC) selected as the core of the
board is a 32 bit ARM (Advanced RISC Machines) from
Texas Instruments running at 40 MHz (figure 4). Its low
power consumption and its built-in modules satisfy the de-
sign requirements. The CAN built-in module of theµC ac-
complishes the communication between the underground
and the surface electronics at 1 Mbps. Although the data
transfer rate during calibration mode is the most demand-
ing condition for the CAN bus, the calibration mode is only
used “off-line”. Data can be compressed by theµC before
transferring them to the surface to speed up the process.

The 3.3 V underground transceiver was included in the
power distributor board and was isolated from the surface
electronics ground. The 5 V surface transceiver as well as
its CAN controller were added to the surface electronics
(SBC) with a PC104 board (TSCAN1) from Technologic
System.

The µC expansion bus module designed to connect ex-
ternal memories was used to connect the FPGA to the inter-
nal bus of theµC via a parallel bus. In this way, the FPGA
is directly mapped to theµC and the FPGA registers can
be accessed by theµC as an external memory.

The slow control was implemented with an external 10
bit DAC connected to theµC via SPI (Serial Peripheral In-
terface). The PMT voltage is provided by a module from
Hamamatsu ( C4900-1) located in the motherboard. The
control of the HV module input is performed by theµC
using the TLV5617A DAC from Texas Instruments. It is
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Figure 5: Hardware design of the interface and control
board. The front-end section includes the mother board and
the eight analog daughter boards.

used with an external reference of 2.5 V and with its in-
ternal×2 gain rail-to-rail output buffer to obtain a desired
control range of 0 to≈ 5 V.

The µC built-in 10 bit ADC with twelve channels was
used to measure the parameters from the underground elec-
tronics: PMT voltage, regulator outputs from the mother-
board (-3.3 V, 3.3 V and 12 V), regulator outputs from the
digital board (3.3 V, 1.2 V and 2.5 V),µC and PMT tem-
peratures.

The passive serial (PS) programming protocol of the
FPGA (Cyclone III from Altera) was programmed into the
µC to receive the compressed configuration file (sampling
and storing circuits) from the surface electronics via the
CAN bus and then to transfer it through a serial bus to
the FPGA. During configuration, Cyclone III (FPGA) de-
compresses the bitstream in real time and programs the
SRAM cells. As mentioned in the Cyclone III handbook
[7], compression reduces the configuration bitstream size
by 35 to 55%, thus the data transfer during configuration
in the CAN bus is packed with a certain compression fac-
tor reducing its size and improving the transfer time.

One of the main design criteria was to include the min-
imum amount of hardware, therefore the hardware de-
sign (figure 5) takes full advantage of theµC features.
Isolators were added in the slow control circuit (DAC)
and ADC drivers were included for amplitude scaling and
differential-to-single-ended conversion at the input of the
ADC channels of theµC.

5 Interface and control performance.
The interface and control board design minimizes the ac-
cess to the underground electronics for fine tuning or trou-
bleshooting during the engineering array. For this reason
the acquisition functions available in the interface and con-
trol board are scheduled by the surface electronics. Since
the high level functions are managed in the SBC, the inter-
face and control board does not need to be reprogrammed
or adjusted to include a new application. Even a combina-
tion of functions which are not directly intended for acqui-
sition modes can be scheduled by the SBC and executed
by the interface board.

The interface and control board allowed us to perform
several tests using the stand-alone trigger mode to check
the moun counter behaviour once they were installed in the
site. To study the PMT optical cross-talk effects, one of the
muon counters was installed without optical fiber in five
strips. A threshold sweep in each of the 64 channels/strips
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Figure 6: A threshold sweep performed into the moun
counter associated to Corrientes WCD. Five strips were
left without their optical fibers.
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Figure 7: Temperature range inside the underground elec-
tronics enclosure acquired by the interface and control
board.

was performed after installation (figure 6) to check the strip
integrity. The unconnected strips (blind channels) showed
no higher activity at higher threshold levels as expected.

The monitoring routines were also scheduled by the
SBC and executed by the interface board. An example of
the monitoring capabilities are the measurements of the
temperature range inside the electronics enclosure (figure
7). The amplitude range measured was≈ 10oC during day
and night.

Finally acquisitions using the external trigger mode
were scheduled by the SBC. These process were executed
as follows: Parameters such as threshold levels and PMT
high voltage are first configured by the interface and con-
trol board. Once these parameters are programmed, the in-
terface and control board waits until receives a T3 from the
surface. During external trigger mode a collection of traces
are stored in the memory bank (digital board). These traces
are identified with a time-stamp. When the interface and
control board receives a T3, transfers the selected trace to
the SBC. A raw event received by the SBC is a set of 768
(time bins)× 64 (channels) samples, and each channel is
assigned to its corresponding scintillation strip. An exam-
ple event with its core 60 m apart from the closest counter
is shown in figure 8. As can be seen, three out of 7 coun-
ters participated in this low energy close-by event.
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Figure 8: Event registered by the Unitary Cell. Three
counters participated in the event. The moun counters are
named as its associated water-Cherenkov detector. The
closest counter to the core position was LP (Los Piojos), a
close impact point of the shower core produce a high mul-
tiplicity event in the hottest muon counter (LP) while far-
ther counters have both singles ”1s” in their traces.

6 Conclusions.
The functionalities of the interface and control board al-
lowed to record data in all the acquisition modes analysed.
Because the high level functions are managed in the sur-
face electronics, the board could execute non standard ac-
quisition modes and it didn’t have to be reprogrammed or
adjusted to add an specific application. Elementary func-
tions can be combined in the surface electronics to create
specific tests or add new acquisition modes. Data transfer
rate in external trigger mode is not a critical factor for the
bus between the underground and the surface electronics.
The amount of CAN frames per event is 769 and the CAN
bus can achieve 8771 FPS (frame per seconds). In cases
where the amount of data to be transferred increase, it is
possible to use the compressed mode. TheµC can com-
press data in order to reduce the amount of frames to be
transmitted through the CAN bus. This system has been
successfully implemented in the Unitary Cell construction
phase of the AMIGA project, and particle shower events
were successfully acquired and transmitted through the in-
terface. The interface and control board provided useful in-
formation for later system development.
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