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Abstract A new concept for the direct measurement of
muons in air showers is presented. The concept is based on
resistive plate chambers (RPCs), which can directly measure
muons with very good space and time resolution. The muon
detector is shielded by placing it under another detector able
to absorb and measure the electromagnetic component of the
showers such as a water-Cherenkov detector, commonly used
in air shower arrays. The combination of the two detectors in
a single, compact detector unit provides a unique measure-
ment that opens rich possibilities in the study of air showers.

1 Introduction

Over the last decade, the results from the Pierre Auger Obser-
vatory [1] and Telescope Array [2] have greatly advanced our
understanding of the highest-energy cosmic rays. Despite this
fact, several fundamental questions remain to be tackled by
the upgrades of current experiments or by the next genera-
tion of experiments. The determination of the nature of these
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highest-energy particles is one of the biggest challenges and
an essential ingredient for the astrophysical interpretation of
the data [3].

At the highest energies, cosmic rays are scarce and mea-
sured indirectly through the detection of extensive air show-
ers (EAS). Large air-shower detectors based only on one tech-
nique have limited capabilities for separating the electromag-
netic and muonic shower components. The muon component
of air showers is rich in valuable information although poorly
known. Muons carry information from the first few, high-
energy, interactions in the shower. Together with the depth at
which the shower reaches its maximum (Xmax), the number
of muons in the shower (Nµ) can play a crucial role in the
determination of the nature of the primary. To obtain as much
information as possible from the showers, disentangling the
electromagnetic and muonic components, is paramount for
composition studies [4]. In particular, a direct and accurate
measurement of the muonic component would be a break-
through.

For the bulk of air showers, information on the muonic
component is currently obtained using indirect methods,
which lack precision and direct validation. The first mea-
surement of the mean number of muons in inclined ultra-
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simulations. Nevertheless, Heitler!s EM model pre-
dicted accurately the most important features of
electromagnetic showers.

Heitler!s model (Fig. 1a) has e+, e!, and pho-
tons undergoing repeated two-body splittings,
either one-photon bremsstrahlung or e+e! pair
production. Every particle undergoes a splitting
after it travels a fixed distance related to the radi-
ation length. After n splittings there are 2n total
particles in the shower. Multiplication abruptly
ceases when the individual e± energies drop below
the critical energy nec, where average collisional en-
ergy losses begin to exceed radiative losses.

This simplified picture does not capture accu-
rately all details of EM showers. But two very
important features are well accounted for: the final
total number of electrons, positrons, and photons
Nmax is simply proportional to E" and the depth of
maximum shower development is logarithmically
proportional to E".

We approximate hadronic interactions similarly
[4]. For example, Fig. 1b shows a proton striking
an air molecule, and a number of pions emerging
from the collision. Neutral pions decay to photons
almost immediately, producing electromagnetic
subshowers. The p± travel some fixed distance
and interact, producing a new generation of pions.

The multiplication continues until individual
pion energies drop below a critical energy npc ,
where it begins to become more likely that a p±

will decay rather than interact. All p± are then as-

sumed to decay to muons which are observed at
the ground.

This first approximation assumes that interac-
tions are perfectly inelastic, with all the energy
going into production of new pions. We will study
the more realistic case which includes a leading
particle carrying away a significant portion of the
energy later (Section 4).

The important difference between a hadronic
cascade and a pure EM shower is that a third of
the energy is ‘‘lost’’ from new particle production
at each stage from p" decay. Thus the total energy
of the initiating particle is divided into two chan-
nels, hadronic and electromagnetic. The primary
energy is linearly proportional to a combination
of the numbers of EM particles and muons.

We examine the model in detail below. In par-
ticular, we will look at its predictions for measur-
able properties of extensive air showers,
attempting to assess which predictions are reliable
and which may not be. First, we review the specif-
ics of Heitler!s electromagnetic shower model and
then develop the hadronic analogue. In all that fol-
lows, the term ‘‘electron’’ does not distinguish be-
tween e+ and e!.

2. Electromagnetic showers

As seen in Fig. 1a, an electron radiates a single
photon after traveling one splitting length
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Fig. 1. Schematic views of (a) an electromagnetic cascade and (b) a hadronic shower. In the hadron shower, dashed lines indicate
neutral pions which do not re-interact, but quickly decay, yielding electromagnetic subshowers (not shown). Not all pion lines are
shown after the n = 2 level. Neither diagram is to scale.
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match the others at 1014 eV, but the curve for EM
showers is taken directly from Eq. (2). The con-
stant separation between the iron and proton lines
is what the model predicts, as will described in the
next section.

The predicted elongation rate Kp = 58 gcm!2

per decade of energy is in excellent accord with
simulations [10].

It is instructive to compare proton induced air
showers to purely electromagnetic cascades by
rewriting Eq. (12) as

X p
max ¼ X c

max þ X $ ! kr ln½3N ch&;

where X c
max is the depth of maximum of EM show-

ers from Eq. (2). The elongation rate for proton
showers is then

Kp ¼ Kc þ d

dlog10E$
X $ ! kr ln½3N ch&f g

¼ 58 gcm!2 per decade;

as in Eq. (12). It is now easy to see that Kp is re-
duced from Kc for EM showers by two effects:
increasing multiplicity Nch and increasing cross-
section (decreasing X$). The multiplicity and
cross-section reductions are respectively 17 gcm!2

and 10 gcm!2 from Kc = 85 gcm!2 per decade of

energy. (This illustrates Linsley!s elongation rate
theorem [14], which pointed out that Kc for electro-
magnetic showers represents an upper limit to the
elongation rate for hadron showers.)

3.5. Nuclear primaries

The superposition model is a simplified view of
the interaction of a cosmic ray nucleus with the
atmosphere. A nucleus with atomic number A
and total energy E$ is taken to be A individual sin-
gle nucleons, each with energy E$/A, and each act-
ing independently. We treat the resulting air
shower as the sum of A separate proton air show-
ers all starting at the same point.

We can produce observable shower features
by substituting the lower primary energy into the
various expressions derived previously for pro-
ton showers and summing A such showers
where appropriate. The resulting nuclear-initiated
shower properties are easily expressed in terms of
the corresponding quantities of a proton shower
with the same total energy E$:

NA
l ¼ N p

lA
0:15; ð13Þ

XA
max ¼ X p

max ! kr lnA; ð14Þ

E$ ¼ 0:85 GeV ðN e þ 25NlÞ: ð15Þ

One consequence is that nuclear showers have
more muons than proton showers, at the same to-
tal primary energy. This results from the less-than-
linear growth of the muon number with energy.
The lower energy nucleons which initiate the
shower generate fewer interaction generations,
and so lose less energy to electromagnetic compo-
nents. An iron shower will have (56)0.15 = 1.8 times
as many muons as a proton shower of the same
energy.

The showers from lower energy primaries also
do not penetrate as deeply. Xmax of iron showers
is higher than proton showers by kr ln(56) =
150 gcm!2 at all energies. This is in good accord
with simulations [13], as was seen in Fig. 5.

As discussed earlier, the energy assignment (Eq.
(15) or Eq. (7)) is unaffected by A because the
expression intrinsically accounts for all of the pri-
mary energy being distributed into a hadronic

Fig. 5. Depth of maximum vs. primary energy for air showers.
Dotted: photon induced showers; Dashed: proton and iron
induced showers, each uniformly shifted higher by 100 gcm!2.
Solid lines are from full simulations of p and Fe showers.
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resistivity of the plates prevents electrical discharges, which
would affect the whole detector.

RPCs have significant advantages with respect to more
conventional detectors, as for example scintillators, particu-
larly concerning cost and feasibility. Moreover, the segmen-
tation level is very flexible and constrained essentially by the
readout. The signal pick-up electrodes are physically sepa-
rated from the sensitive volume. This approach allows us to
achieve high-voltage insulation and gas tightness, reducing
the number of breakthroughs considerably. An aluminium
case is used to host the RPC, the Data Acquisition system
(DAQ), the high-voltage and monitoring systems. Details on
the design of the assembled and tested prototypes are pre-
sented in Sect. 3. The MARTA design is based on a multi-gap
gaseous volume. The usage of thin gas gaps guarantees fast
detector response to avalanche development, yielding very
good time resolutions. Moreover, the multi-gap approach
enhances detection efficiency. The chambers require low gas
flux and use tetrafluorethane (R-134a), a common refrigera-
tor gas, and the main component of the mixture used in most
modern RPC installations.

The MARTA concept also has advantages when compared
to muon detectors buried underground, below an air shower
detector. Firstly, the energy threshold for muons remains
essentially the same in the MARTA sub-detector (WCD +
RPCs), while it would differ considerably between under-
ground detectors and surface ones. The implementation of
MARTA would also consume much less time and resources.
Finally, as mentioned before, the detection of the same par-
ticles by both detectors provides an invaluable tool both to
understand the detector performance and to further exploit
the shower physics. Other interesting possibilities for com-
bined measurements include primary photon identification
and air shower physics near the core.

3 Implementation and prototypes

3.1 A MARTA baseline design

A possible design of MARTA has been elaborated in detail for
the Pierre Auger Observatory. Several prototypes have been
built and tested both in laboratory and at the observatory site.

At the Observatory, MARTA units could be installed at
the entire surface array under the water-Cherenkov detec-
tors (WCD). The WCD would remain unchanged, acting as
shielding for the electromagnetic shower component, and sit-
ting on top of a concrete structure hosting the RPC modules.
The water (1.2 m depth) and the concrete (20 cm thickness)
correspond to a mass overburden of 170 g/cm2. A schematic
view of the MARTA implementation for the Pierre Auger
Observatory is displayed in Fig. 1.

Fig. 1 The MARTA implementation for the Pierre Auger Observatory:
the RPCs (in brown) are placed under the water-Cherenkov detector (in
green) which provides active shielding and trigger. The concrete support
structure is shown in black

RPC unit

The baseline configuration foresees four RPCs per tank.
The structure of each chamber is as follows:

– An area of 1.2 × 1.5 m2, for a total of over 7 m2 of RPC
per WCD;

– A total of three resistive plates made of soda-lime glass,
each 2 mm thick, mounted on top of each other;

– The resistive plates are separated by 1 mm gaps for the
gas, making it a double gap chamber, filled with R-134a;

– The detector is glued to an acrylic box of 3 mm thickness;
– The readout plane is external and segmented in 8 × 8

pick-up electrodes (pads), each with dimensions 14 ×
18 cm2 and separated by a 1 cm guard ring;

– Coaxial cables transmit the signal induced in each pad to
the DAQ.

In Fig. 2, a photograph and a scheme of the RPC unit are
shown. The high-voltage electrode and the active detector
layers are enclosed inside the acrylic box, guaranteeing high-
voltage insulation and gas tightness. Only two breakthroughs
for the gas and two for the high-voltage are required. The
asymmetric design, with the readout electrode at only one
side of the gaps, has the advantage of easing the cabling by
having it only at one side of the detector.

Data acquisition system

A new front-end acquisition system [11] was developed
for MARTA RPCs. It is a hybrid system capable of count-
ing active RPC pads and measuring the charge induced in the
detector. To comply with the strict demands of MARTA oper-
ations in the field, the system was designed to be low-power
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Figure 1: (left) Picture of the acrylic box with the sensitive volume inside. (right) Picture of the DAQ
electronics.

a programmable comparator. The threshold outputs are sent, via LVDS links, to a purely digital
central board. Data remain in this buffer until read by the DAQ computer.

An I2C bus is used to get information about temperature, pressure and relative humidity in the
chamber. High voltage (HV) and background currents were monitored by the HV power supply.
These parameters are recorded each minute.

The RPC was designed to be used on a harsh environment and as such both the gaseous volume
and the pickup plane are inside a gas-tight aluminium volume (see figure 2(right)). The HV power
supply and the frontend electronics will be located in a DAQ box coupled to the RPC volume.

Figure 2: (left) Scheme of the RPC detector operation principle. (right) Image of an assembled RPC.

The RPC is operated in proportional mode which allows it to operate with a high efficiency
while minimizing ageing of the RPC due to electric discharges in the gas.
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1.2 m

1.5 m

14 cm
18 cm

Fig. 2 Photo and scheme of the RPC detector. Top: RPC with visi-
ble cabled pad plane showing the detector spacial resolution. Bottom:
scheme of the RPC box (1), readout plane (2), I2C sensors layer (3),
aluminium case base, cover and junction (4a, 4b, 5), and breakthroughs
for gas and high-voltage (6)

consuming (a few Watts per RPC), compact (due to space
limitations inside the aluminium case), stable and reliable,
for low maintenance operation. These requirements made
a system based on an application specific integrated circuit
(ASIC) the most appealing option. The Multi-Anode Readout
Chip, MAROC 3 [12], is a low power (3.5 mW per channel)
and compact (16 mm2) ASIC that fulfils all the stated criteria
with 64 input channels, 64 discriminated outputs and that can
measure charges up to 15 pC.

The ASIC counts particles by applying a simple thresh-
old to the signal after a pre-amplifier and a fast shaper. To
measure charge, a slow shaper is applied to the signal after
the pre-amplifier. The slow shaper peak is then converted to
digital using an analog to digital converter (ADC) and taken
as the charge induced in the RPC. Both measurements have
been tested [11]. The results show that the DAQ can mea-
sure the fast RPC signals without introducing any unwanted
inefficiencies in the setup.

A low power field-programmable gate array (FPGA) pro-
cesses and stores the ASICs digital outputs. It is also respon-
sible for all the communications using low voltage differ-
ential signalling (LVDS) lines. These lines, connected to a
concentrator central unit, are also used as trigger interface.
Alternative communication with a PC via USB is also avail-
able and used mostly for debugging. Additional features are
available to increase the system flexibility, namely an analog
acquisition of the sum of the RPC signals, environmental and

FGPA 
INTEL CYCLONE IV 

EP4CE30F23I8LN

Flash 
ADC  

USB 
FT2232H 

100 MHz 
OSC GPIO 

LVDS 
RJ45 

User 
PC 

Boundary Scan 

Active Serial Eprom 

I2C 

Temperature 
Humidity 

SMA Trigger In 

SMA Trigger Out 

RPC 64 Channels  

ASIC 
MAROC 3 

Power Whatchdog 

JTAG 

Trigger In 

 Trigger Out 

Clock 

Data 

Fig. 3 MARTA DAQ schematic representation with its main compo-
nents

power monitoring as well as multi-purpose input and output
ports. In Fig. 3, a scheme of the MARTA DAQ is shown.

3.2 Prototype construction and test

Several prototypes of MARTA RPCs were built in the LIP-
Coimbra workshops according to the aforementioned spec-
ifications, following the requirements for counting individ-
ual muons in extensive air showers. These have been tested
indoors and outdoors, including at the Pierre Auger Observa-
tory site, with the objective to study the long-term behaviour
of the detector, evaluating its resilience to the environmental
conditions and monitoring the operational parameters.

The initial laboratory tests were conducted with pure R-
134a gas at a very low flow rate, of the order of 0.4 cm3/min or
1 kg/year, with the purpose of evaluating the imperviousness
to humidity [9]. The background current, measured directly
from the HV power supply, was chosen as the parameter to
monitor the detector conditions, since it depends not only on
the gas ionization rate and average charge per ionization, but
also on additional contributions from leakage currents. There
was no observed increase in the background current with
the detector immersed in water for two weeks. Moreover,
detector operation was achieved with a fraction of streamers
below 10% and high detection efficiency for cosmic rays. The
background current was also monitored during seven months
in a chamber placed outdoors, showing no strong dependence
on the detector gas pressure or relative humidity.

The indoor tests were prolonged for nine months, using
gas flow rates of 1, 4 and 12 cm3/min. A detection efficiency
of the order of 90% was observed in all cases [13]. This value
coincides with the fraction of the detector sensitive area that
is covered by the readout pads, meaning an almost 100%
intrinsic detection efficiency for cosmic muons. Moreover,
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Figure 4: Reduced electric field, efficiency, fast charge and background (operation) current over more than
9 months.

4. Test on the outdoor

Once the RPCs were proven to fulfil the necessary requirements in the lab, they needed to be
tested in the outdoor environment. The test was conducted in the Pampa Amarilla, in the Province
of Mendoza, Argentina at the Pierre Auger Observatory site [5]. This plateau has an altitude of
1400m above sea level. The atmospheric conditions are demanding with daily temperature ex-
cursions of nearly 30� C, minimum temperatures below zero and maximum absolute temperatures
exceeding 30� C. The RPC has to also be able to endure strong winds and lightning storms as well
as high humidity.

Figure 5: (left) Pierre Auger Observatory water-Cherenkov Detector (Tierra del Fuego) with two RPCs
below, inside the concrete precast. (right) Detail of the concrete precast while it is open on the side.

The RPCs were installed in a closed concrete precast that supports a WCD, a tank with 12
tons of purified water. The WCD offers protection against the shower electromagnetic unwanted
particles and the whole system has a thermal inertia which attenuates the temperature excursions

5

2x2 RPC
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efficiency, proving its potential for cosmic ray experiments. The observed interruptions of the
data acquisition are related with the limited availability of power and communications in the test
site. It is worth noting that the important result is not the continuous operation of the RPC but the
remarkably stable operation during nearly one year in the field while exposed to different weather
seasonal effects.
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Figure 8: RPC efficiency over nearly 11 months.

5. Summary and prospects

The detailed study of Extensive Air Showers requires better detectors, able to operate in the
outdoor harsh environment.

Resistive Plate Chambers are a good candidate, due to their low cost and good spatial and time
resolution, provided that they can operate stably and with little maintenance.

In this work, we have shown with laboratory and outdoor tests that it is possible to operate the
RPCs with gas fluxes as low as 1cc/min while maintaining a good efficiency. Moreover, through
the adjustment of the gap voltage it is possible to absorb the temperature and pressure variation
ensuring stable detection efficiency. This stability was tested during one year in the open field
demonstrating the detector resilience to environmental effects.

Currently there are about 30 of these RPCs being used and tested in several places in the world.
For instance, it is being used at the Pierre Auger Observatory site as a hodoscope to investigate the
response of the WCD to muons[6]. Hence, the R&D of these RPCs for an outdoor operation is
expected to continue with more data and further developments.

This R&D is essential for future projects that plan to take advantage of RPCs capabilities. For
instance, LATTES [7], an array for the detection of (very) high-energy gamma-rays planned to be
installed at very high altitude in South America.
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•Approved for installation on 
Auger hexagon:
MARTA-Engineering Array

•7 stations → 28 RPC

•Maximize statistics with 
low energy showers → Infill 
region (750m station 
spacing)

• Engineering array approved by the collaboration and financed
• Project between Portugal (LIP) and Brazil (Uni Campinas) to 

build a 7 stations EA
• All parts are designed and being produced
• Pre-cast expected to be built in the spring
• Total of 40 units are being built (including spares)
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•Power, communications 
and synchronization 
provided by AMIGA

•Also at the site of the 
SSD-EA and AERALET

•Under the field of view 
of HEAT

�.� Triggers

The AMIGA detectors will be located at each of the �� tanks that comprises the denser ���
m surface detector array. A single SD station will have � scintillator modules of ��m2 each. The
muon detectors are buried, at a depth of �.�m, in order to have the electromagnetic component
of an air shower absorbed by the overburden, leaving only the muon component. At that depth,
the e�fectivemuon energy threshold is ���MeV/cos ✓µ, where ✓µ is the zenith angle of themuon.

Figure �.�: Schematic view of the AMIGA layout. Plastic scintillators of �� m2 are buried under ⇡ 280g/cm2 of
vertical mass at each SD tank that make up the in��ll array, in which surface detectors are distanced by ���
m. The unitary cell indicates a prototype of the muon detectors. [��]

�.�.� R�������� P���� C������� (RPC�)

In the framework of the Pierre Auger Observatory, resistive plate chambers (RPCs) have
been proposed as a muon detector, to better understand the muonic component of extensive air
showers.

AnRPC is a particle detector of two high-resistivity and parallel electrode plates which pro-
duce a constant and uniform electrical ��eld. The space between the two electrodes is ��lled with
a gas and an avalanche of electrons will be created after a charged particle ionizes the atoms of
the gas, creating a signal that will be measured by the read-out strips. The gas has a high absorp-
tion coe���cient in order to avoid the propagation of photons created in a discharge thus avoiding
secondary discharges in other points of the detector. [��]

More information regarding resistive plate chambers will be given in chapter X.

�.� T�������
Triggers are ��rmware and software solutions to solve essentially � problems:

• Di���culty to save all data;

• Di���culty to analyze all data;

��

AMIGA

MARTA-EA
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•Sensitive RPC volumes: ✔

•DAQs + power supplies: ✔

•Concrete precasts: ✔

•Assembled and arrived at 
Malargue: 22 RPC units

•Installation in the field: 
expected in September

•Under development: 
central unit, data analysis 
software framework

7

MARTA station
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MARTA%EA:%number%of%events%

R.#Conceição# 9#

•  Around#1000#events#per#month#at#E#=#1017#eV#
– All#the#interac4ons#in#these#showers#occur#at#energies#
bellow#those#achieved#at#the#LHC#

•Trigger provided by SD

•Data per pad will consist 
of: hit/no-hit per 12.5 ns

•About 1000 events per 
month at 1017 eV
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Fig. 5 Top: Example of a MARTA simulated trace – the simulated
WCD and RPC traces are shown; Bottom: Separation of the electro-
magnetic and muonic shower components in a simulated MARTA unit

the small dead time of the readout, pile-up effects become
relevant only at smaller distances and the number of muons
can be successfully recovered, in the case exemplified, down
to about 300 m by applying dedicated algorithms [21]. For
the purpose of measuring the signal very near the shower
core at the highest energies, the analog channel is expected
to provide counting capabilities up to 20000 particles per
RPC.

The bias and the resolution of the reconstructed muon
signal have been estimated using the digital mode only and
no pileup correction. A bias (due to electromagnetic signal
contamination) of around 20% is, as expected, seen down to a
distance to the core of 500 m. Below 500 m, the pileup effect
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Fig. 6 Number of atmospheric particles in each RPC pad per minute.
Result obtained from a dedicated simulation at 1400 m a.s.l. (see text
for details)

starts to be visible and must be corrected for. At E = 1019 eV,
the resolution of the reconstruction of the muonic signal is
below 20% up to 1000 m. For large distances to the shower
core, the muon signal resolution is dominated by the low
number of secondary particles.

The atmospheric muon flux can be used to monitor and
calibrate the efficiency of the pads. Estimations of back-
ground muons per pad were done using dedicated simula-
tions. The atmospheric particle flux at ground (1400 m a.s.l.)
was obtained through CORSIKA simulations. These simu-
lations were obtained injecting the particles according to the
known primary cosmic ray energy spectrum, with energies
ranging from E = 109 eV to E = 1015 eV. The output of
these simulations was afterwards injected into a MARTA
Geant4 dedicated simulation, leading to an estimate of the
number of muons able to reach the RPC pads. The rate is
obtained using the expected number of muons in the water-
Cherenkov detector, taken from [22]. From this study, one
can conclude that the hits due to atmospheric particles are of
the order of 5-7 Hz.

The results, presented in Fig. 6, show that the number of
atmospheric particles in each pad per minute is higher than
300, which means that a statistical precision of 1% is reached
every half an hour.

4.2 MARTA array

Many possibilities arise from the knowledge of the arrival
position and time of individual muons in MARTA stations.
Some of the main aspects are outlined below.
From muon density to composition
In Fig. 7 is shown the lateral distribution function (LDF)
obtained by the MARTA RPCs for a simulated proton shower
with E = 1019.8 eV and θ = 38◦ simulated with CORSIKA
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•Calibration of the efficiency 
of the pads with the 
atmospheric muon flux

•Statistical precision of 1% 
every half an hour
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RPC

SD

AMIGA

SSD

RD

~3 m of sand

•Possibility for systematics 
studies and cross 
calibrations with remaining 
detectors
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Fig. 5 Top: Example of a MARTA simulated trace – the simulated
WCD and RPC traces are shown; Bottom: Separation of the electro-
magnetic and muonic shower components in a simulated MARTA unit

the small dead time of the readout, pile-up effects become
relevant only at smaller distances and the number of muons
can be successfully recovered, in the case exemplified, down
to about 300 m by applying dedicated algorithms [21]. For
the purpose of measuring the signal very near the shower
core at the highest energies, the analog channel is expected
to provide counting capabilities up to 20000 particles per
RPC.

The bias and the resolution of the reconstructed muon
signal have been estimated using the digital mode only and
no pileup correction. A bias (due to electromagnetic signal
contamination) of around 20% is, as expected, seen down to a
distance to the core of 500 m. Below 500 m, the pileup effect
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starts to be visible and must be corrected for. At E = 1019 eV,
the resolution of the reconstruction of the muonic signal is
below 20% up to 1000 m. For large distances to the shower
core, the muon signal resolution is dominated by the low
number of secondary particles.

The atmospheric muon flux can be used to monitor and
calibrate the efficiency of the pads. Estimations of back-
ground muons per pad were done using dedicated simula-
tions. The atmospheric particle flux at ground (1400 m a.s.l.)
was obtained through CORSIKA simulations. These simu-
lations were obtained injecting the particles according to the
known primary cosmic ray energy spectrum, with energies
ranging from E = 109 eV to E = 1015 eV. The output of
these simulations was afterwards injected into a MARTA
Geant4 dedicated simulation, leading to an estimate of the
number of muons able to reach the RPC pads. The rate is
obtained using the expected number of muons in the water-
Cherenkov detector, taken from [22]. From this study, one
can conclude that the hits due to atmospheric particles are of
the order of 5-7 Hz.

The results, presented in Fig. 6, show that the number of
atmospheric particles in each pad per minute is higher than
300, which means that a statistical precision of 1% is reached
every half an hour.

4.2 MARTA array

Many possibilities arise from the knowledge of the arrival
position and time of individual muons in MARTA stations.
Some of the main aspects are outlined below.
From muon density to composition
In Fig. 7 is shown the lateral distribution function (LDF)
obtained by the MARTA RPCs for a simulated proton shower
with E = 1019.8 eV and θ = 38◦ simulated with CORSIKA
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the efficiency dependence on the detector reduced electric
field was measured, a curve which is to be used for keeping
track of the efficiency under the final measurement condi-
tions. Also, for the first time, some prototypes were installed
outdoors at the Pierre Auger Observatory site, where large
daily variations in temperature and pressure occur. Neverthe-
less, after four months of operation, a temperature variation
in the detector (6◦C) much lower than the ambient thermal
amplitude (28◦C) was observed, which is explained by the
thermal inertia of the tank with its concrete support structure,
as predicted by a thermal simulation.

Later software developments allow to dynamically adjust
the applied high voltage in function of the average pressure
and temperature, to keep a constant value of the reduced elec-
tric field. The main results of these developments, reported in
[10] and [14], were the confirmation of small daily thermal
amplitudes in the detector and a remarkable stability of the
efficiency, at the level of 85%, measured during nearly one
year of operation in the field. Constant and uniform efficiency
across all the detection area, independent of the temperature
or pressure gradients, was also observed. After almost two
years of field measurements at the Pierre Auger Observatory,
it has been shown that these RPCs can be operated in a harsh
outdoor environment, and perform suitably for a cosmic-ray
experiment.

During the test phase an application of this detector con-
cept was started: the study of the response of an Auger water-
Cherenkov detector (used for tests) to atmospheric muons,
by using a hodoscope built with RPC prototypes and custom-
made electronics [15], with very successful results [16]. Cur-
rently, a first shower-dedicated measurement is in progress.

4 Expected performance

MARTA is a generic detector concept designed to fulfil the
requirements of large high-energy cosmic-ray experiments.
A detailed implementation for the Pierre Auger Observatory
has been developed and is used in this work to provide con-
crete and realistic performance expectation. A detailed simu-
lation of this implementation of MARTA has been performed
using the GEANT4 toolkit [17], according to the baseline
design described in Sect. 3.1. EAS simulations for several
primary species, zenith angles and energies were undertaken
using CORSIKA [18]. The QGSJet-II.04 [19] and EPOS-
LHC [20] have been used as hadronic interaction models.

4.1 MARTA unit

A measurement of the number of muons can be obtained
from each individual MARTA detector unit. The first crude
estimator of the number of muons is the number of hits in
the pads within a fiducial area defined as the set of pads in

Fig. 4 Slant mass crossed before reaching the MARTA RPCs, under a
170 g/cm2 vertical mass overburden, for incident particles at 40◦ zenith
angle. The circle indicates the area covered by the water tank

a given shower that have a mass overburden greater than a
chosen value. In the case of the MARTA configuration, the
definition of the fiducial area required a slant mass greater
than 170 g cm−2, corresponding to the vertical mass over-
burden from the water tank and the concrete tank support,
defining a minimum criteria – with 100% of fiducial volume
for vertical events. The number of pads within the fiducial
area is then a function of the shower geometry. An example
of a slant mass map, computed for incident particles at 40◦

zenith angle, is shown in Fig. 4. In this case 2/3 of the pads
are contained in the fiducial area. For a vertical shower, all
the pads located below the shielding detector are contained
in the fiducial area.

The dependence of the energy threshold for muon detec-
tion with the mass overburden was studied using simulated
CORSIKA showers. The muon energy spectrum at 1400 m
above sea level peaks above 1 GeV and about 15% of these
muons are absorbed after crossing the additional 170 g cm−2.

In Fig. 5, an example of a trace in the MARTA RPCs is
shown and compared with the traces in the water-Cherenkov
detector. The muonic signal separation as a function of the
pad overburden is also shown.

The RPC segmentation and the chosen readout electron-
ics allow for the digital counting of muons with a time res-
olution of 5 ns and a position resolution limited by the pad
dimensions. For the baseline design described in Sect. 3, this
corresponds to a maximum particle density of 35.6 per m2

(assuming that all particles arrive at the same time). This
density is equivalent to that of muons at about 500 m from
the shower axis for a proton shower with E = 1019.5 eV and
θ = 40◦. Due to the spread of the muon arrival times and
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number of muons
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•Analyses validated with 
simulations at 1019 eV: 
fiducial area definition, 
LDF and Nµ evaluation

•1017 eV shower: 
equivalent proton first 
interaction center-of-
mass energy ~14 TeV

Eur. Phys. J. C (2018) 78:333 

Eur. Phys. J. C (2018) 78 :333 Page 7 of 11 333

1000 2000 3000
r [m]

2−10

1−10

1

R
PC

 H
its

 D
en

si
ty

 fo
r o

ne
 e

ve
nt

Fig. 7 LDF of one QGSJET-II.04 proton shower with E = 1019.8 eV
and θ = 38◦. RPC hits densitiy are given in square meters

and QGSJET-II.04. The LDF, which represents the density
of particle at a given distance from the shower core, was, in
a first approximation, parametrized by [1]:

ρLDF (r,β) = ρ1000

( r
1000

)β
·
(

700 + r
1000 + 700

)β

(1)

where the parameters ρ1000 and β represent, respectively, the
normalization and the shape. In the fit, β was fixed to -2.1.

In Fig. 8 (top) the average LDF for proton, helium, nitro-
gen and iron QGSJET-II.04 showers at E = 1019 eV and
θ = 38 ◦ is shown. This figure was obtained using 300 show-
ers for each primary. A net separation is visible. Considering
an energy bin of log(E/eV) = 0.1 around E = 1019 eV, and
taking the ultra-high-energy cosmic ray flux [23], an exper-
iment such as the Pierre Auger Observatory would be able
to reach this event statistics in less than half a year. It is
then possible to fit such average distributions taking as free
parameters both ρ1000 and β (ρ1000mean and βmean). In Fig. 8
(bottom), ρ1000mean and βmean for proton and iron primaries
at E = 1019 eV and E = 1019.8 eV are shown. A clear sep-
aration between proton and iron is observed, showing that
βmean may be a powerful variable to assess the beam compo-
sition. The impact on the choice of the high-energy hadronic
interaction model was evaluated repeating the analysis using
EPOS-LHC instead of QGSJet-II.04. Although the results for
β and ρ1000 obtained using EPOS-LHC are slightly higher
than from QGSJet-II.04 (about 15% for ρ1000 and 2% for β),
the discrimination power regarding primary mass composi-
tion is not altered significantly.

Fitting the individual muon LDF distributions, and fix-
ing β as a function of the zenith angle, one obtains for each
shower ρ1000, the measured muon density at 1000 m from
the core (ρMARTA

1000 ). The β parameter was obtained from a
mixed composition simulation (50% proton and 50% iron).
The bias and resolution with respect to the true muon density

Fig. 8 Top: Average MARTA LDF (over 300 events) for different pri-
maries with QGSJET-II.04 at E = 1019 eV and θ = 38◦; Bottom:
ρ1000mean and βmean

are shown in Fig. 9, for different primary types at θ = 38◦,
for E = 1019 eV and E = 1019.8 eV. This figure shows
that the bias in the muon density estimator ρMARTA

1000 is nearly
energy-independent. It has also been observed that the bias
decreases with the increasing zenith angle and has no sig-
nificative dependence on the hadronic model considered. In
Fig. 10 we show the distributions of ρMARTA

1000 for p and Fe at
different angles and for two energy values.

From muon production depth to composition

In the muon production depth (MPD) technique, the shower
geometry is combined with the arrival times of muons to
reconstruct the longitudinal profile of muon production [24,
25]. While the reconstruction of the MPD is the same as for
the Auger WCDs, the direct detection of muons opens great
possibilities to extend the use of this technique.

The maximum of this profile is known to be composition-
sensitive variable [26] which could add relevant information
about the hadronic interaction processes that rule the shower
development. As an example, the depth of the maximum of
the MPD for proton and iron showers is shown in Fig. 11,
for θ = 38◦ and two different primary energies. The event
resolution stays the same as it is dominated by the number of
muons entering the reconstruction, which will remain prac-
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RPC hodoscope for SSD 
quality control

GAP2019_017

R. Luz
(well, in fact I did make the presentation

but Ricardo did the work and the GAP note)

•Setup in Malargue for SSD 
quality control

•Setup to study a test WCD 
response to atmospheric 
muons
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Fig. 2. Slant mass crossed before reaching the MARTA RPCs
under a 150 g/cm2 vertical water equivalent mass, for incident
particles at 40� zenith angle.

High-voltage (HV) electrodes are applied to these plates,
creating an intense and uniform electric field. The passage
of ionising particles through the detector creates avalanches
of electrons which induce signals in the readout electrodes.
The high resistivity of the plates prevents electrical dis-
charges, which would a↵ect all the detector.

RPCs have significant advantages with respect to more
conventional detectors, as for example scintillators, partic-
ularly concerning cost and feasibility. Moreover, the seg-
mentation level is very flexible and constrained essentially
by the readout. The signal pickup electrodes are physi-
cally separated from the sensitive volume. This approach
allows us to achieve high-voltage insulation and gas tight-
ness, reducing considerably the number of feedthroughs.
An aluminium case is used to host the RPC, the Data
Acquisition system (DAQ), the high-voltage and monitor-
ing systems. Details on the design of the assembled and
tested prototypes are presented in section 3. The MARTA
design is based on a multi-gap gaseous volume. The us-
age of thin gas gaps guarantees fast detector response to
avalanche development, yielding very good time resolu-
tions. Moreover, the multi-gap approach enhances detec-
tion e�ciency. The chambers require low gas flux and use
tetrafluorethane (R-134a), a common refrigerator gas, and
the main component of the mixture used in most modern
RPC installations.

The MARTA concept also has advantages when com-
pared to muon detectors buried underground, below an air
shower detector. Firstly, the energy threshold for muons
remains essentially the same in the MARTA sub-detector
(WCD + RPCs), while it would di↵er considerably be-
tween underground detectors and surface ones. The im-
plementation of MARTA would also consume much less
time and resources. Finally, as mentioned before, the de-
tection of the same particles by both detectors provides
an invaluable tool both to understand the detector perfor-

Fig. 3. The MARTA implementation for the Pierre Auger
Observatory: the RPCs (in brown) are placed under the water-
Cherenkov detector (in green) which provides active shielding
and trigger. The concrete support structure is shown in black.

mance and to further exploit the shower physics. Other in-
teresting possibilities for combined measurements include
photon primary identification and air shower physics near
the core.

3 Implementation and prototypes

3.1 A MARTA baseline design

A possible design of MARTA has been elaborated in de-
tail for the Pierre Auger Observatory. Several prototypes
have been built and tested both in laboratory and in the
observatory site.

At the Observatory, MARTA units would be installed
at the entire surface array under the water-Cherenkov de-
tectors (WCD). The WCD would remain unchanged, act-
ing as shielding for the electromagnetic shower compo-
nent, and sitting on top of a concrete structure hosting
the RPC modules. The water (1.2 m depth) and the con-
crete (20 cm thickness) correspond to a mass overburden
of 170 g/cm2. A schematic view of the MARTA imple-
mentation for the Pierre Auger Observatory is displayed i
figure 3.

RPC unit

The baseline configuration foresees four RPCs per tank.
The structure of each chamber is as follows:

– An area of 1.2 x 1.5 m2, for a total of over 7 m2 of
RPC per WCD;

– A total of three resistive plates made of soda-lime
glass, each 2 mm thick, mounted on top of each other;

– The resistive plates are separated by 1 mm gaps for
the gas, making it a double gap chamber, filled with
R-134a;

– The detector is glued to an acrylic box of 3 mm thick-
ness;

– The readout plane is external and segmented in 8 x 8
pickup electrodes (pads), each with dimensions 14 ⇥
18 cm2 and separated by a 1 cm guard ring;

3

Several complementary approaches to the problem

AugerPrime MARTA

Air-shower 
phenomenology

Detailed WCD studies

Smaller-scale experiments
arxiv:1712.07685 (accepted for publication in EPJ-C)

The Pierre Auger Observatory Upgrade Daniele Martello

Figure 1: Left: the layout of the Surface Scintillator Detector (SSD); Right: One station of the AugerPrime
Engineering Array.

there is a disagreement between the observed and expected muon numbers [15, 16], therefore it is
of fundamental importance to study the hadronic multiparticle production in extensive air showers.

3. Description of AugerPrime

The AugerPrime upgrade consists of many improvements of the Pierre Auger Observatory.
The most important is the installation of a new detector above each of the existing water-Cherenkov
detectors (WCD). This new detector, named the Surface Scintillator Detector (SSD), consists of a
plane of plastic scintillator that will be triggered by the larger WCD below it.

An SSD unit is a box of area 3.8 m ⇥ 1.3 m, containing two scintillator sub-modules, each
composed of 24 bars of extruded scintillator produced at the Fermi National Accelerator Laboratory
of about 1.6 m length, 5 cm width and 1 cm thickness [17]. The 3.8 m2 scintillator planes are
protected by light-tight, weatherproof enclosures, and mounted on top of the existing WCD with
a strong support frame (see figure 1). The scintillator light will be collected with wavelength-
shifting fibers inserted into straight extruded holes in the scintillator planes. The fibers (Kuraray
Y11(300)M S-type) are bundled and connected from both sides to one 1.5” photomultiplier tube
(PMT). The PMT selected in the baseline design is the model Hamamatsu R9420. It has a bi-alkali
photo-cathode and a quantum efficiency of about 18% at the wavelength of 500 nm. This PMT has
been chosen for its excellent linear response.

The other important improvement included in the AugerPrime program is the upgrade of the
electronics of the SD and the extension of the dynamic range of the WCD. The new electronics
will process both WCD and SSD signals [18]. It will increase the data quality thanks to better
timing accuracy and a faster ADC sampling. The signals of the SSD and WCD will be sampled
synchronously at a rate of 120 MHz (three times the current rate). The new GPS receiver will allow
a timing accuracy of 5 nanoseconds, about a factor two better than the current value. Faster data
processing and more sophisticated local triggers are enabled by the use of a more powerful proces-
sor and FPGA, and improved calibration and monitoring capabilities are foreseen. The dynamic
range of the WCD will be enhanced by a factor 32 with an additional small (1”) PMT that will be
inserted in the WCD [19].
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Figure 1: (Left) A picture of the experimental setup at Malargue, showing the alluminum
box with the RPC installed at the top of the Gianni Navarra tank, while the bottom RPC
is below the tank support structure and is not visible. (Right) A schematic top view of
the setup, where the tank center is at (0, 0) m.

a full intrinsic detection efficiency of the RPC, one arrives at an estimated trigger rate from
atmospheric muons equal to 0.55 Hz.

The trigger sends the tank an instruction to store the low-gain and high-gain PMT
traces. A dead time in the tank data acquisition procedure limits the fraction of triggered
events for which we also store tank data to 35%. Calibration histograms are acquired every
50 minutes. The background rate in each pad is monitored and a pad is vetoed when its
background rate is above a threshold set at 1 kHz. Typical single pad rates are of the order
of a few hundred Hz on the top RPC and a few tens of Hz on the bottom RPC. Background
events are later removed from the data with the offline analysis.

2.2 Event selection

The events are selected to have at least one signal detected in the trigger region (see Section
2.4) in the three PMT traces, which serves to remove most false triggers generated by the
electronics.

We start by selecting events that have only one hit in each RPC, as only for those events it
is possible to reconstruct the muon trajectory. This cut removes from the data small showers
in which more than one particle crosses the RPC, and also events of single atmospheric
particles showering in the tank. We have checked in the simulation that the fraction of
single-particle showering events, with more than one hit at the bottom RPC, is below 3%.

A small fraction of shower events, estimated to be < 5%, is expected to survive the
single-hits selection [2]. Part of it corresponds to showers that are big enough to saturate
the high-gain PMT traces. These shower events are identified by searching the full trace for
saturation. Baseline oscillations are searched by selecting traces with at least 3 ADC counts
below the baseline and a rise of at least 5 ADC counts in the following two time-bins. Both
these type of events are of no interest for this study and are removed from the analysis.

The event selection also includes a cut in AoP > 1, following [7], which is mostly a

5

• Simulation-based studies to 
understand which physics parameters 
correlate with the muon number

Large-scale experimental efforts
arxiv:1708.06592
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