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Motivation Cosmic rays

Cosmic rays are extremely energetic particles, created in the most violent
events in the universe, that travel the universe.

• They can be either elementary particles or nuclei

• Some of them collide with the earth’s atmosphere,
after travelling through space for millions of
light-years

• The result of such collisions are known as Extensive
Air Showers

• After the first interaction, the particles created can
be divided into three components: electromagnetic,
hadronic and muonic

• The main questions about cosmic rays are their
origins, and how these particles propagate in the
universe

• The focus is mostly on the following three aspects:
energy spectrum, primary composition, and arrival
direction

P. K. F. Grieder, Cosmic rays at earth. Bern, Switerland: Elsevier Science, 2001
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Motivation Cosmic rays

• Energy spectrum: the flux of particles as a function of their energy

• The variations in slope along the spectrum can be explained by changes in the
composition, and even their source (galactic vs extragalatic)

• The end of the spectrum is characterized by a suppression of the flux, best
explained by the GZK

NS61CH19-Engel ARI 15 September 2011 8:38
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Figure 1
Flux of cosmic rays arriving at the Earth. The equivalent center-of-mass energy for protons as cosmic-ray
particles is also shown. See Reference 1 for citations to the data.

The composition of cosmic rays has been measured in balloon- and satellite-borne experiments
at energies up to 1014 eV. It is dominated by hydrogen and helium but also includes heavier
elements, up to iron. Elements with A > 65 are present, but their abundance is strongly suppressed
(11).

At energies higher than 1015 eV, the flux of cosmic rays drops below one particle per square
meter per year, and only indirect measurements can be performed. At these energies, only the
cascades of secondary particles that cosmic rays produce in the atmosphere—known as extensive
air showers—can be measured. Energy and composition information has to be derived indirectly
by simulating these air showers and comparing the predictions with measurements (12). With the
operation of modern large-scale experiments, the reliability of air shower simulations has become
the dominant source of systematic uncertainties in the interpretation of cosmic-ray data (13–18).
Whereas the electroweak interaction processes in air showers are reasonably well understood,
modeling of hadronic multiparticle production is subject to large theoretical uncertainties that
are, moreover, difficult to estimate (19–21).

In this review, we discuss the relation between models of hadronic multiparticle production
at high energy and the derived predictions for the characteristics of extensive air showers. Rather
than attempting to exhaustively review the field, we consider some representative examples and
present basic concepts pedagogically. For clarity, we focus on the limiting cases of protons or iron
nuclei as primary particles for air showers. An earlier review with a similar scope can be found in
Reference 22.

2. OVERVIEW OF EXTENSIVE AIR SHOWERS
When a hadronic high-energy particle enters the Earth’s atmosphere, it interacts with a nucleus
from the air (mainly nitrogen, oxygen, and argon) at a typical height of 15 to 35 km and produces a

www.annualreviews.org • Air Showers and Hadronic Interactions 469
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R. Engel et al., “Extensive Air Showers and Hadronic Interactions at High Energy,” Annual Review of Nuclear and Particle Science, vol. 61, no. 1, p. 467, 2011
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Motivation Cosmic rays

• Cosmic rays can be measured directly, using dectectors installed in satalites, or
inderectly by measureing the EAS content at ground level

• Ground detectors can be divided into three types:

• Particle detectors
• Light detectors
• Radio detectors

Cosmic rays

First interaction (usually several 10 km high)

Some of the particles 
reach the ground

Measurement of
!uorescence light

Measurement with 
scintillation counters

Measurement of low energy muons
with scintillation or tracking detectors

Measurement of high energy 
muons deep underground

Measurement of particles with
tracking detectors or calorimeters

Measurement of Cherenkov 
light with telescopes 
or wide angle pmts

Air shower evolves (particles are created
and most of them later stop or decay)

Measurement of
radio emission

K.Bernlöhr/A.Haungs

Figure 2.11: Air shower detection techniques schematic overview [66]

and the distance between the detectors (due to the width of the lateral distribution)
The upper energy threshold is statistically limited by the overall size of the area
(due to a decreasing flux of cosmic rays). Particle detectors widely used are water-
Cherenkov tanks (e.g. at the The Pierre Auger Observatory (see Section 3.1, [67]),
at HAWK [68] or at IceTop filled with clear ice [69]) or scintillators (e.g. at AMIGA
(see Section 3.3, [70]), KASCADE(-Grande) [71], Tunka-Grande [72], AGASA [73] and
Telescope Array [74]). They bring the advantage of detecting almost independent on
weather and day-/night-effects and have an operation time of up to 100 %.

The secondary shower particles travel with relativistic speed in a disc of O (1 m)
thickness. The arrival direction of a primary cosmic-ray is measured via the residuals
of the arrival time of the shower disc in the different stations. The overall number of
particles in the shower and the width of the lateral distribution depend on the pri-
mary energy. To estimate the primary mass, a separate measurement of the muonic
and the electromagnetic shower component is essential. This can be realized e.g.
by placing detectors above and below an electron-shielding such as lead plates or
several meters of soil as used in the AMIGA Muon Detector at the Pierre Auger Obser-
vatory (see Section 3.3). The amount and density of the material above the detectors

25

A. Haungs, “Cosmic rays from the knee to the ankle,” Physics Procedia, vol. 61, p. 425, 2015
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Motivation Pierre Auger Observatory

The Pierre Auger Observatory is a hybrid detector that combines multiple
detections techniques to measure the extensive air showers.

• Largest cosmic ray observatory in
the world, locaded in western
Argentina, at 1400 m a.b.s.

• It aims to measure cosmic rays
with energies above 1017 eV,
covering an area of 3000 km2

• The main detectors of the
Observatory are the Surface
Detector (SD) and the
Fluorescence Detector (FD).

T. Gaisser, “Viewpoint: Cosmic-Ray Showers Reveal Muon Mystery,” Physics 9, no. 125, 2016
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Motivation Pierre Auger Observatory

• The surface detector consists of 1660 water-Cherenkov detector (WCD), 1.5 km
apart

• The WCDs are cilinder with a height of 1.2 m filled with 12 tones of ultra pure
water

• The SD measures a slice of the EAS at ground level by being responsive to the
electromagnetic and muonic components of the shower

• It allows to determine the arrival directions and to estimate the energy of the
primary cosmic-ray
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Motivation Pierre Auger Observatory

• The FD consists of 24 telescopes, in four sites, overlooking the SD array

• The field of view of each telescope is 30◦ × 30◦ in azimuth and elevation

• The FD provides information about the shower’s development, including the depth
of the shower maximum, Xmax

• The light is emitted isotropically in the ultraviolet part of the spectrum, being
mostly produced by the electromagnetic component of the shower

• The energy deposit in the atmosphere by the EAS is proportional to the amount of
light emmited, allowing to determine, the primary energy
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Motivation Pierre Auger Observatory
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Motivation Pierre Auger Observatory

Results: Energy spectrum and composition
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The Pierre Auger energy spectrum Valerio Verzi

Table 1: Relevant parameters of the data samples used to measure the energy spectrum.
1500 m q <60� 1500 m q>60� 750 m Hybrid Cherenkov

data taking period 01/2004-08/2018 01/2004-08/2018 01/2014-08/2018 01/2007-12/2017 06/2012-12/2015
exposure [km2 sr yr] 60426 17447 105.4 2248 at 1019 eV 2.86 at 1017 eV

number of events 215030 24209 569285 13655 69793
zenith angle range [�] 0 - 60 60 - 80 0 - 40 0 - 60 0 - 85
energy threshold [eV] 1018.4 1018.6 1017 1018 1016.5

energy resolution [%] 18 - 8 22 - 10 22 - 8 7.4 18
(from low to high E)

calibration parameters
number of events 3338 393 1179

A [EeV] 0.186±0.003 5.51±0.07 0.0132±0.0004
B 1.031±0.004 1.04±0.02 1.006±0.009
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Figure 5: Energy spectra measured using the Pierre Auger Observatory (left) and spectrum obtained com-
bining the different measurements (right).

q < 60� (see also [11]). Another measurement of the spectrum is obtained by analysing the hybrid175

events detected by the FD simultaneously with at least one WCD. The measurement benefits from176

the high precision in the FD energy estimation and is made selecting events with energy > 1018 eV.177

The exposure is calculated using a full time-dependent simulation of the hybrid events and detector178

response [12].179

The spectrum measurements are extended to lower energies using the 750 m array. Thanks to180

the implementation of a new trigger algorithm at the WCD level, in comparison to our previous181

publication [2], we have been able to lower the energy threshold by half a decade down to 1017
182

eV [14]. This measurement is unique of its kind, similar to the one performed with the 1500 m183

array, because it is done with an array in the regime of full trigger efficiency and using a fully data-184

driven approach. Finally, as pioneered by the Telescope Array [15], for the first time we show the185

spectrum derived using the events detected by HEAT in which the observed light is dominated by186

Cherenkov radiation. This allows us to lower the energy threshold to 1016.5 eV [16] and, together187

with the 750 m spectrum, to precisely study the spectral features around 1017 eV.188

The parameters used to define the various spectra are detailed in table 1 and the measured189

spectra multiplied by E3
i are shown in the left panel of figure 5. The spectrum obtained by com-190
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Figure 1: Measurements of 〈Xmax〉 (left) and σ(Xmax) (right) at the Pierre Auger Observatory compared to
the predictions for proton and iron nuclei of the hadronic models EPOS-LHC, Sibyll 2.3c and QGSJetII-04.
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Figure 2: Moments of lnA distributions from the conversion of the moments of Xmax distributions with
EPOS-LHC, QGSJetII-04, Sibyll 2.3c.

sitions are close to ∼ 60 gcm−2/decade independently of the interaction model used. Thus the
mean mass of the UHECRs as a function of energy decreases until E0 and increases afterwards.
The narrowing of the Xmax distributions for energies above E0 (right panel in Fig. 1) is as well in
agreement with the MC predictions for σ(Xmax) of heavier nuclei.

Using the method described in [10] the moments of the Xmax distributions can be converted to
the moments of lnA distributions. From Fig. 2 one can see that 〈lnA〉 reaches the minimum around
E0. Depending on the interaction model, the values at the minimum vary from ∼ 0 for QGSJetII-

4
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Motivation Muons measurement

Number of muons

Muons constitute one of the best links to the hadronic interactions in the
EAS since these are created in the decay of the shower hadrons

• The WCD measures a combination of
the different components of the
showers

• The muonic component is determined
indirectly, introducing significant
uncertainties

• Auger’s results show a muon deficit in
simulation (or muon excess in data)

• The results call for an independent
direct measurement of the muon
content
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Measurement of the fluctuations in the number of muons in inclined air showers Felix Riehn
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Figure 4: Shower-to-shower fluctuations (left) and the average number of muons (right) in inclined air
showers as a function of the primary energy. For the fluctuations, the statistical uncertainty (error bars) is
dominant, while for hRµi the systematic uncertainty (square brackets) is dominant. The shift in the markers
for the systematic uncertainty in the average number of muons represents the uncertainty in the energy scale.
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Figure 5: Left: Comparison of the measured fluctuations of the number of muons as a function of the
primary energy with the expectation derived from hadronic models and the CR composition from the fit
of four primary mass components to the measured Xmax-distributions [21, 22]. Right: Average number of
muons as a function of the average depth of shower maximum at 1019 eV.

hadronic interaction models [18, 19, 20]. The measured fluctuations seem to slightly decrease with
the primary energy. Fitting p0 + p1 log10(E/eV) to the fluctuations, we find a significant non-zero
value for the slope with p1 = �0.11±0.04.

In addition to the fluctuations, we also obtain new results for the measurement of the average
number of muons. The results are shown on the right in Fig. 4. Note that in the figure, hRµi
is divided by the factor (E/1019 eV). In contrast to the fluctuations, the measurement here falls
outside the range of the predictions from simulations (see also the discussion in [4]).

For the parameters of the energy evolution of the number of muons, hRµi = a(E/(1019 eV))b,

6

F. Riehn, Measurement of the fluctuations in the number of muons
in inclined air showers with the Pierre Auger Observatory, ICRC2019
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Motivation Muons measurement

Number of muons

Muons constitute one of the best links to the hadronic interactions in the
EAS since these are created in the decay of the shower hadrons

• A direct, independent and accurate

measurement of the muons allows to:

• Have composition sensitivity on
a shower-by-shower basis

• Study hadronic interactions at
the highest energies

• Improve the sensitivity to photon
primaries

• Better understand and reduce
the systematic uncertainties of
many different measurements
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MARTA Concept

Concept

• Four detectors of charged particles are
placed inside a concrete structure
underneath the WCD

• The mass above will act as shielding
for the electromagnetic components

• The two detectors will measure the
same particles, and the energies of the
muons are mostly the same

• With this setup, the electromagnetic
component can be assessed by
subtracting the muons measured
independently to the total signal given
by the WCD

• RPCs were chosen - LIP has
experience developing and building
this detector

3.6 m
25 cm
15 cm

1.2 m

3.6 m
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MARTA The detector

The detector - Resistive Plate Chamber

• RPCs are widely used gaseous
detectors of charged particles

• Introduced in 1981 as an alternative
to spark counters: RPCs are simpler
to build, operate and its cost was
greatly reduced

• They are known for being robust,
low-cost, having high particle
detection efficiency, and excellent
spatial and time resolutions

• There are a variety of configurations,
materials, and gas mixtures being
used that allows tuning the RPC to
the characteristics of the different
applications

• Mostly used in laboratory conditions

• MARTA’s configuration: two 1 mm
gas gaps, separated by three 2 mm
thick glass plates electrodes

Gas Gap

Gas Gap

Resistive Plates Electrodes

Isolating PVC Readout Plane
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3
7
9

Autonomous RPCs for a Cosmic Ray ground array Ruben Conceição

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.

3
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MARTA The detector

MARTA RPC

• Double gap RPC in avalanche mode
with an area of 1.5 × 1.2 m2

• High voltage is applied to the outer
glasses through a layer of resistive
acrylic paint

• The glass stack is enclosed by a
gas-tight acrylic box defining the
sensitive volume

• It operates with a mono-component
gas R-134a, at a flow rate of 4 cc/min

• The readout plane has 64 pickup
electrodes distributed in an 8 × 8 pad
grid and is placed on the top of the
sensitive volume

• The pads have an area of 14 × 18 cm2

and are separated by a 1 cm guard
ring making the readout area 90% of
the total area

1.2 m

1.5 m

14 cm

18 cm

(1) Gas volume acrylic box

(2) Readout plane

(3) I2C sensors layer

(4a,4b,5) Aluminum case

base, cover and junction

(6) Breakthroughs for gas

and high-voltage
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MARTA The detector

• A MARTA module is a sealed aluminium structure with gas, power, and
communication connections

• The sensitive volume is placed inside an aluminium structure that also hosts the
electronics

• The electronics box is 0.447 × 1.285m2, and it contains, the front-end, high
voltage and detector monitoring

2
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9
 
J
I
N
S
T
 
1
4
 
C
0
7
0
0
2

box receives the gas output from the sensitive volume to improve the removal of moisture. A
second/small aluminum box is assembled on the top of the first one to house all the electronic
subsystems. This box should also be sealed (as much as possible), as shown in figure 9. The
bubbler block has three monitoring columns to measure the gas flow rate, temperature and relative
humidity in all the 3 volumes described above. To summarize, each detector module will be a
closed aluminum structure with five connections, three for communications, one for power and one
for gas. The monitoring and safety columns of the bubbler block can be seen/checked by naked eye
to better assist local sta� during any gas checking or bottle exchange.

Figure 8. 3D CAD of the aluminium shielding box where the sensitive module and the pick up pad plane
are assembled. The small extra volume will house the subsystems: HV power supply (red); gas monitoring
bubbler block (yellow), MAROC front-end board (centre green board); LV power supply, multiplexer and
gas system communication (left green boards).

Figure 9. Picture of the subsystems already installed in a detector module. 1. LV power supply, 2. raspberry
pi, only used for test, 3. gas system communication board, 4. I2C multiplexer, 5. Maroc board, 6. HV power
supply and 7. gas monitoring bubbler block. Together all these subsystems consume less than 10 Watts.

The first activities to construct the precast structures, which will support the tanks and house
the RPC modules has already started at Malargüe. The installation of the Engineering Array are
scheduled to start in the last quarter of this year.

– 8 –
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MARTA The detector

Signal induction

• Whenever a charged particle crosses the detector, it ionizes the gas creating
electron-ion pairs

• Due to the strong applied uniform electric field, the free electrons will drift towards
the anode while the ions towards the cathode

• During their travel, the electrons will multiply, creating a Townsend avalanche

• The movement of charges inside the gap will induce a current signal in the readout

• The small drift velocities of the ions make the signal induced by them much slower
and smaller
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MARTA The detector

Laboratory tests: Reduced Electric Field, Efficiency, and Charge
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Figure 5. Charge, streamer fraction and efficiency as function of the reduced electric field. All three are
very well correlated with E/N. The correlation between the efficiency and the charge being independent of
the gas flow rate is a good demonstration of the detector health, since these two variables are measured
independently.

To install the detector modules under the tanks in the field we use a precast concrete structure.
This structure will support the tank; partially protects the detector modules against the natural en-
vironment; helps on filtering the electromagnetic component of the showers; and most importantly,
together with the water tank and the ground reduces the daily temperature variations in the RPC
to a couple of degrees. This is of main importance as it allows a stable detection efficiency over
large time periods, requiring only seasonal adjustments of the HV to keep the E/N within the effi-
ciency plateau. In figure 6 we show the monitoring of one of the two RPC chambers installed in
the infill region of the Auger array at a gas flow rate of 4 cc.min�1. In the top left plot there is the
temperature variations over the last four months. The effect of the precast structure is clear: for
an ambient temperature variation of 28�C, inside the aluminum box there is only a 6�C variation.
Moreover, the daily temperature excursions are almost unseen by the chambers. In that situation,
where the temperature is not changing more than a couple of degrees in a day, the reduced elec-
tric field goes mostly with the inverse of the pressure for a given HV, as we can observe in the
corresponding plots.

The increase in the chamber current seen after May is mainly due to an increase in the HV.
Since we have very large area gaps, every time we increase considerably the reduced electric field
the chambers go through some conditioning period, as it is known from indoor quality tests. There
are two main contributions for the observed increase in the operation current: the increase of the
median charges per event and the increase of the background rate, unfortunately in the current
setup we do not have any of these two variables available. This increase could also come from
some malfunction on the gas system once we found later that the output gas flow rate were much

– 7 –

L. Lopes, Resistive Plate Chambers for the Pierre Auger array upgrade, JINST 2014
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MARTA The detector

Laboratory tests: E/N constant
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correction on the gain only via the adjustment of the high voltage seems to be enough to get a stable
E/N and consequently a stable gain. Other contributions to the gain are not considerer since their
e�ect is too small within the considered variations in pressure and temperature. Since the gain is
defined “only” by the reduced electric field, if it has a stable variation over time the same should be
observed for the induced charge and e�ciency. Figures 3 and 4 support these considerations.

Figure 2. Reduced electric field and the three variables considered for its determination via the automatic
adjustment of the applied high voltage. The arrow indicates the start of the adjustment process. The e�ect is
clear over more than 8 months and as expected independence of the gas flow rate. Temperature defines the
long term and pressure the short term behaviour of the applied high voltage.

Figure 3. Reduced electric field, e�ciency, fast charge and background (operation) current over more than 9
months. As expected, following the stability of the E/N we observe a stable fast charge and a stable e�ciency.
The current is not as stable as the other variables since it is the sum of various contributions; (see text).

In figure 3 we can observe the variation of the induced fast charge, e�ciency, background
current and E/N over more than 9 months. For small variations of temperature and pressure the

– 4 –

L. Lopes, Outdoor field experience with autonomous RPC based stations, JINST 2016
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MARTA The detector

Laboratory tests: E/N constant → efficiency stable
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correction on the gain only via the adjustment of the high voltage seems to be enough to get a stable
E/N and consequently a stable gain. Other contributions to the gain are not considerer since their
e�ect is too small within the considered variations in pressure and temperature. Since the gain is
defined “only” by the reduced electric field, if it has a stable variation over time the same should be
observed for the induced charge and e�ciency. Figures 3 and 4 support these considerations.

Figure 2. Reduced electric field and the three variables considered for its determination via the automatic
adjustment of the applied high voltage. The arrow indicates the start of the adjustment process. The e�ect is
clear over more than 8 months and as expected independence of the gas flow rate. Temperature defines the
long term and pressure the short term behaviour of the applied high voltage.

Figure 3. Reduced electric field, e�ciency, fast charge and background (operation) current over more than 9
months. As expected, following the stability of the E/N we observe a stable fast charge and a stable e�ciency.
The current is not as stable as the other variables since it is the sum of various contributions; (see text).

In figure 3 we can observe the variation of the induced fast charge, e�ciency, background
current and E/N over more than 9 months. For small variations of temperature and pressure the

– 4 –

L. Lopes, Outdoor field experience with autonomous RPC based stations, JINST 2016
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MARTA The detector

Field tests: Tierra del Fuego setup @ Batata
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temperatures between zero degrees and room temperature, the situation should be better once the
background rate is less than 0.1 Hz/cm2 and the leakage currents are absent. Even the increase by
one order of magnitude in the glass resistivity will not produce a considerable e�ect on the potential
drop, once it is balanced by the very low currents flow through the chamber.

Concerning absolute pressure, the daily and seasonal excursions are below 5% at the most,
which corresponds to a maximum of 50 V adjustment in the HV. These small variations in the HV
for a constant temperature will produce negligible background and leakage currents, making the
absolute pressure much less important than the temperature for situations in which the automatic
HV adjustment is applied. Operation at stable E/N is visible from the data extracted from both
detectors. As a consequence, an almost constant e�ciency is expected, which is crucial for extensive
air shower sampling experiments.

Figure 3. RPC under study. The chosen reference value for E/N was 255 Td. On the left side, the reduced
electric field and the three variables considered for its determination via the automatic adjustment of the
applied high voltage. This detector operates at a gas flow rate of 4 cc/min. On the right side, the distribution
of the reduced electric field since March 2016.

The two RPCs are separated by 36 mm, and each one is readout with 64 signal pickup pads.
Coincident signals in one chamber and the water-Cherenkov station define the trigger. An e�cient
event on the pad n in the RPC under study is defined when the trigger RPC is on the same pad or in
the side pads in the RPC used as a trigger, as illustrated in figure 4 left side. Due to the e�ciency
definition, all the border cannot be taken into account. The four missing pads in the right side of
figure 4 correspond to dead channels in the FEE. In reference [8], it is proven that both RPCs had
similar dependence of e�ciency on E/N. There it is also explained why it is not possible to reach
the same e�ciency plateau as in the laboratory. This is due to the di�erent operation pressures.
At Tierra del Fuego site the pressure is 15% lower than at sea level (laboratory conditions). It is

– 4 –
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Figure 4. Left side: scheme of the e�ciency measure setup. A certain pad n in the RPC under study is defined
as e�cient if the trigger RPC shows a signal in the same pad or in the side pads. Right side: e�ciency as a
function of the area. All measured pads show very similar e�ciency values around 85%. This is an acceptable
value for a chamber with two gaps of 1 mm at an absolute pressure of 850 mbar at room temperature.

not possible to compensate the pressure drop only by increasing the high voltage since the pressure
reduction also a�ects the detector gain through the gas density. To mitigate this e�ect, the gas
thickness must be increased either by increasing the gap(s) width or the number of gaps. In other
words, it is necessary to keep constant the ratio between the number of ionization clusters and the
number of ionization steps.

Figure 5. On the left side, the e�ciency stability over time (point/day) for more than one year at a “constant”
E/N of 254 Td, see figure 3. On the right side, the distribution of the e�ciency, showing the stability over
time. The two peaks could be attributed to di�erent HV power supply o�sets, once the power supplies had
to be changed on September 2016 due to malfunction.

Figure 5 summarizes the field results over more than a year. The plot illustrates that the
operation of trigger RPC chambers in standalone remote stations with low gas consumption at a

– 5 –

L. Lopes, Long term experience in autonomous stations and production quality control, JINST 2019
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MARTA MARTA station

Station

• Each station has four detector modules

• A Central Unit is responsible for the
management of the modules and the interface
with the WCD

• All the parts of the MARTA station were
designed to comply with the strict demands of
outdoors operations: limited space, power,
minimal maintenance and reliability

• The concrete structure alleviates the
significant daily temperature changes

• MARTA takes advantage of the WCD triggers
and communications

MARTA MODULE

MARTA STATION

Central
Unit manages

the modules

WCD trigger and
communication

RPC
DAQ
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End

High
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MARTA MARTA station

Station - Electronics: Front-end

• The 64 RPC channels are read by the MAROC 3 ASIC.

• The RPC signal cables are soldered to a mezzanine board that is connected to the
front-end

• An FPGA is responsible for data and measurement management as well as
communications via LVDS (low voltage differential signal) with the Central Unit

• DOI: 10.1109/TNS.2018.2879089
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MARTA MARTA station

Station - Electronics

• High Voltage: Developed from scratch since no commercially available option
would fit. Controlled and monitored via it I2C, allowing to be dynamically
adjusting to keep the reduced electric field constant.

• Power Supply Unit: It gets the 24 V given by the WCD power system and converts
it to the required voltages of each component. Also controlled via I2C.

• Weather monitoring: Composed of a network of temperature, pressure and
humidity I2C sensors placed strategically in the aluminium box
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MARTA MARTA station

Station - Electronics

• Gas monitoring: The gas flux is monitored using the bubblers that are installed in
the gas input and output. Additionally, a pressure sensor is placed in the gas input

• Central Unit: Controls all the electronics and act as a data concentrator. Based on
a development board containing an Intel Cyclone V SoC FPGA with a dual-core
ARM hard processor system (HPS). I2C and LVDS buses are available between the
Central Unit and each module. It is connected to the network for data transfer
with the CDAS
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MARTA Expected performance

Station expected performance

• The number of muons can be
estimated as the number hits in the
RPC pads within a fiducial area: pads
with a mass overburden greater than
170g/cm2.

• For a vertical shower that is all pads
bellow the WCD

• For an inclined shower with 40◦ that is
2/3 of the pads

• The muon energy spectrum has its
mean energy at about 1 GeV and
about 15 % of those are absorbed
(energy lower than 340 MeV)

Eur. Phys. J. C (2018) 78 :333 Page 5 of 11 333

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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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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high-accuracy muon measurement, The European Physical Journal C, 2018
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MARTA Expected performance

Station expected performance

• The simulated trace of the WCD and
RPC signals

• In regions where the density of
particles is higher that 35.6
particles/m2 pile up effects in the
pads become relevant

• That is equivalent to the density
500 m from the core of a 1019.5 eV
proton shower with 40◦

• The expected rate of atmospheric
particles is in the order of 5 - 7 Hz,
allowing to reach a statistical precision
of 1% every 30 min
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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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MARTA Expected performance

Full array expected performance

• A lateral distribution function (LDF),
RPC hits density as a function of the
shower core distance, was obtained
using simulated results for a 1019.8 eV
proton shower with 38◦

• Simulations were performed for
different primary and energies

• The mean LDFs for each composition
and energy were obtained, and the
results for ρ1000 and β compared

• The results show a clear separation
between proton and iron showers

• In Auger, less then half a year of
exposure would be sufficient to reach
the statistics used

Eur. Phys. J. C (2018) 78 :333 Page 7 of 11 333
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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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and QGSJET-II.04. The LDF, which represents the density
of particle at a given distance from the shower core, was, in
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(1)
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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
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ρ1000mean and βmean
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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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MARTA Engineering Array

Engineering Array

• An engineering array of seven MARTA stations
is being installed in the Infilled’s 750 m array

• Its main goals are to study the MARTA
concept, how useful the combined
measurement can be, and assess the RPCs
performance in the field

• It can also be used to cross-calibrate other
detectors in the same region of the array:
AMIGA, AERA and the SSD

• The array will not interfere with the normal
operation of the standard SD array

• The MARTA EA will measure mostly events in
the second knee region of the spectrum, with
energies between 1016.5 eV and 1018.5 eV

area = 1.46 km2

750 m

With triggered MARTA stations

With core inside MARTA hexagon
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Data acquisition system

Data acquisition system
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Data acquisition system Prototype readout electronics

PREC - Prototype Readout Electronics for Counting particles

• Built as a proof of concept with discrete electronics

• Low noise, able to discriminate the RPC signals
• Design and characterization published

doi:10.1088/1748-0221/11/08/T08004

• It has been used in non-MARTA related projects and even with other
detectors (silicon PMTs)
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Data acquisition system Prototype readout electronics

PREC - Characterization
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Data acquisition system Front-end description

Front-end - Requirements

• Fast signal digitization to deal with the fast RPC pulses

• Estimate the number of particles for both the high and low particle density regions
of the shower: a complementary charge measurement is necessary

• Low power of a few watts per RPC

• Stable and reliable for low maintenance operation

• Compact design due to space limitation inside the aluminum case

• Trigger inputs and outputs

• Fast lines for communication and data transfer

• Power fail safe mechanism
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Data acquisition system Front-end description

Front-end - ASIC

• Multi Anode Read-Out Chip
ASIC, developed by OMEGA

• 64 input channels

• Amplifier with variable gain

• 64 discriminated outputs

• Charge measurements up to
∼ 15 pC

• 800+ configurable parameters

• Low power and compact

• Designed and optimized to be
used with multi-anode PMTs

Pre
AmplifierIn

RC Slow 
Shaper

S&H
Hold1

S&H
Hold2

Wilkinson
ADC

Half Bipolar
Fast Shaper

DAC0
10bits

DAC1
10bits

Sum Output
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Fast Shaper
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Fast Shaper

ADC
Output

Hit
Output
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Data acquisition system Front-end description
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Data acquisition system Front-end description
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Data acquisition system Front-end description

Fast Shaper branch

• It discriminats the RPC
signals → Used to count
particle hits

• Three configurable fast
shapers can be used

• About 20 ns rising time

• A comparator follows the
shaper

• The threshold is set by a 10
bit DAC
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Data acquisition system Front-end description
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Data acquisition system Front-end description

Slow shaper branch

• It will measure the charge
induced in the RPC pad

• About 150 ns rising time

• The peak of the slow shaper
signal is proportional to the
charge

• That value is held by a
sample and hold an sent to
an ADC

• The 12 bits ramp ADC will
convert the peak value to
digital
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Data acquisition system Front-end description

RPC signals - quick measurement

• A quick test was performed using the ASIC’s development board

• The RPC signals were measured before and after the fast shaper, and at the
discriminator output

• It was shown that the MAROC could be used to acquire the RPC signals
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Data acquisition system Front-end description

Front-end - Design

• Input stage

• ASIC digitizes the signals

• FPGA performs all the digital
electronics: acquisition
management, data storage, and
communication

• LVDS and USB to interact with the
Central Unit or acquisition PC

• Temperature and humidity
monitoring via I2C

• Power watchdog as a fail-safe

• External and optional flash ADC
added to acquire the sum of all
RPC channels

FPGA
INTEL CYCLONE IV

EP4CE30F23I8LN

Flash
ADC 

USB
FT2232H

100 MHz
OSCGPIO

LVDS
RJ45

User
PC

Boundary Scan

Active Serial Eprom
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Temperature
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SMA Trigger In

SMA Trigger Out

RPC 64 Channels 

ASIC
MAROC 3

Power Whatchdog

JTAG

Trigger In

Trigger Out

Clock

Data

Ricardo Luz MARTA’s readout 30/01/2020 43 / 61



Data acquisition system Front-end description

Front-end - First prototype

• Produced in 2014

• Cyclone FPGA

• USB communication

• Connectors routed directly to the
FPGA and test points added for
debugging

• Most of the firmware and software
developments done in this version

• 10 boards assembled
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Data acquisition system Front-end description

Front-end - Second prototype

• Produced in 2016

• New FPGA: Cyclone IV.

• USB unchanged

• LVDS through RJ45 connectors

• Watchdog

• External flash ADC

• Test points reduced

• 5 boards assembled
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Data acquisition system Front-end description

Front-end - Production vertion

• Produced in 2017

• Bugs corrected

• External ADC moved to a piggy
board

• Final assessments performed with
this vertion

• 50+ boards assembled
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Data acquisition system Front-end description

Front-end - Firmware and software

• The FPGA will receive the 64 parallel discriminated outputs and the
serial charge output
• The four main modules are:

• Communication with the Central Unit/acquisition computer
• Configuration of the ASICs parameters (slow control)
• Management and storage of the detector hits’ measurement
• Management and storage of the charge measurement

• Acquisition software runs in any computer with Linux and a USB
port, including single board computers

• Custom communication protocol designed to communicate with the
Central Unit

• Data stored directly in a ROOT tree
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Data acquisition system Front-end performance

Front-end - Performance assessment

• The threshold s-curve was measured for different temperatures

• The temperature effect is negligible (3 fC)

• The RPC efficiency was measured with this system (12 channels) and
an established one (4 channels) at the same time

• Front-end average efficiency 0.895± 0.011

• FEE average efficiency 0.866± 0.008
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Data acquisition system Front-end performance

Front-end - Performance assessment

• The charge was measured using a known value (using a capacitor)

• 95% of the events measured in the RPC have less than 1 pC

• These are in the linear section of the calibration
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Data acquisition system Front-end performance

Front-end - Performance assessment

• The RPC charge spectrum varies with the detector’s high voltage

• The multiplication of electrons in the gas is a non-trivial problem

• Empirical models have been successfully used to describe data:

• The spectrum shape is close to a gamma distribution
• As the high voltage goes up, the shape evolves from a exponential, to a

landau, to a gaussian shape
• High voltage vs mean charge follows the function:

Q(V ) = K ln(1 + ea(V−V0))
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Applications

Applications
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Applications Engineering array

Engineering array
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Applications Charge measurement

Standalone charge measurement with the front-end
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Self-trigger measurement - only an acquisition computer is needed
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Applications RPC tower

RPC tower setup

• RPC hodoscope built to test the new Auger’s scintillators before deployment

• Installed in the Observatory’s assembly building

• Geant4 simulation of the setup prepared
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Applications RPC tower

First test successfull with a small scintillator
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Applications Gianni Navarra setup

Gianni Navarra tank

• RPCs used to study the WCD

• Used to select single muons events and to determine their trajectory in the tank

• The signal in the tank is then analysed taking into account the muon trajectory

• Trigger: RPCs coincidence trigger the tank
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Applications Gianni Navarra setup

Gianni Navarra tank

• The results showed no
discrepancies between
simulation and data were
found
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Applications Muon tomography

Muon tomography
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Summary and future

Summary and future
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Summary and future

• MARTA was designed to have a direct and independent measurement
of the EAS’ muons at Auger
• RPCs are placed underneath the water-Cherenkov tank
• A seven stations engineering arrays is being prepared
• The front-end was designed to measure the RPC signals and comply

with the strict demands of field operation
• Its main components are the MAROC ASIC that digitizes the signal,

and the Cyclone IV FPGA, responsible for measurement and data
management, as well as communications
• Two prototypes were produced before the final production version
• The performance of the system was assessed, showing that it works as

expected
• Most of the production of the engineering array’s parts is done
• First station is close to starting taking data
• Some of the MARTA parts were used in some spin-off measurements:

• Validation of the scintillators
• Determination of the muons’ trajectory in the tank
• Muon tomography in the Lousal mine (to be installed)
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Thank You

Thank You
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Figure 2
Average (a) lateral and (b) longitudinal shower profiles for vertical, proton-induced showers at 1019 eV. The
lateral distribution of the particles at ground is calculated for 870 g cm−2, the depth of the Pierre Auger
Observatory. The energy thresholds of the simulation were 0.25 MeV for γ and e± and 0.1 GeV for muons
and hadrons.

shower of secondary particles. The most frequently produced secondary hadrons are charged and
neutral pions. Whereas neutral pions (cτ = 25 nm) immediately decay into two photons, charged
pions (cτ = 7.8 m) interact again before decaying (π± → μ± + νμ/ν̄μ) once Eπ � 30 GeV.
Charged kaons with a slightly shorter lifetime (cτ = 3.7 m) decay at higher energies. The long-
lived secondary hadrons (baryons, charged pions, and kaons) form the hadronic shower core.
Photons from π0 decay are the dominant source of the electromagnetic (EM) shower component,
which by itself produces only a very small number of hadrons or muons through photoproduction
or muon pair production. The muons in an air shower, of which 90% are produced in the hadronic
cascade due to the decay of pions and kaons, propagate through the atmosphere with small energy
losses and reach the surface of the Earth almost unattenuated. In showers with very large zenith
angles (θ > 65◦), this muonic shower component and the EM particles produced in the decay of
muons are the only particles that can be detected at ground.

Figure 2 shows the lateral (i.e., transverse to the shower axis) and longitudinal particle profiles
of the different shower components, simulated with CORSIKA (23) for proton-induced showers
of 1019 eV. The longitudinal profile is typically studied as a function of the traversed column
density (i.e., slant depth) X = ∫

ρ(l)dl , where ρ is the density of air and the integral must be taken
along the shower trajectory.

2.1. Electromagnetic Showers

There is extensive literature on the theory of EM showers [see, for example, the seminal articles
by Rossi & Greisen (24) and Nishimura (25)], and reliable simulation tools are also available [see,
e.g., EGS (26), FLUKA (27), and GEANT4 (28)]. Here, we describe only those features of EM
showers that are needed for the discussion of hadron-induced showers, below.
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Figura: Average lateral (left) and longitudinal (right) shower profiles for a vertical
proton-induced shower of 1019 eV. The lateral distribution is calculated using the
depth of the Pierre Auger Observatory.
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