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Figure 3.2: (a) Schematic depiction of a surface detector station [28]; (b) a surface
detector station deployed in the field.

tubes (PMTs) are optically coupled to the water and symmetrically positioned on
top of the tank with a distance of 1.2m between each other. Each detector is de-
vised to work completely stand-alone, thus, every tank is equipped with a battery
box and a solar power system providing the 10W average power required for the
tank electronics [29]. A GPS (Global Positioning System) unit is installed at each
tank as a basis for time synchronization between the detector and the Central Data
Acquisition System (CDAS) as well as for providing precise information about the
tank’s position. The communication between the detector and the CDAS is achieved
wirelessly via one of the four communication beacons located near the FD sites at
the perimeter of the array.

To detect charged particles from extensive air showers, the Cherenkov e↵ect is ex-
ploited [30]. When the velocity of a charged particle traversing a medium is greater
than the speed of light in this medium, Cherenkov light is emitted by this particle in
a cone along its trajectory. The Cherenkov light produced in the tank by secondary
particles from extensive air showers, mostly muons and electrons, is detected by the
PMTs mounted on top of the tank and converted into a current pulse. To increase
the amount of Cherenkov light collected, a reflective layer of high-density polyethy-
lene fabric covers the inside of the tank. The signals from the PMTs are read out
and digitized by Flash Analog-to-Digital Converters (FADCs) at a rate of 40 million
samples per second. The PMT signal traces recorded by the FADCs are stored for
10 s so they can be sent to the CDAS on demand [29].

Since the detector stations are designed to work completely independent of each
other, they are able to calibrate themselves using muon signals [29]. To perform the
calibration, the measured spectrum is compared to the known energy distribution of
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Abstract: The muon detector of the AMIGA (Auger Muons and Infill for the Ground Array) extension of the
Pierre Auger Observatory is currently finishing the construction of its engineering array phase. The engineering
array consists of seven detectors in a 750 m regular hexagon with buried scintillator counters in each of its vertices
and center. The muon counters are buried alongside each Auger surface detector station in the infill area. Two
additional twin detectors are being built to study the muon counting accuracy and the design validation. An
overview of the construction and deployment of the muon scintillation detector array is presented with an emphasis
on the current data analyses.

Keywords: Pierre Auger Observatory, AMIGA, Ultra-high Energy Cosmic Rays, Muon Detectors.

1 Introduction
The AMIGA project [1] is an extension of the Pierre Auger
Observatory [2] to provide full efficiency detection of
cosmic rays down to ⇠ 1017 eV through an infill of Water
Cherenkov Detectors (WCD) of the Auger Surface Detector
(SD). This energy region is of great importance because it is
the range where the transition from galactic to extragalactic
sources of cosmic rays is expected to occur. AMIGA will
also improve the cosmic ray mass identification with 30 m2

muon counters buried alongside the surface detectors in the
infill to directly measure the muon content of the particle
showers produced by the primary particle.

Fig. 1: Map of the AMIGA array with brown background.
The engineering array positions, where muon counters are
already deployed, can be seen highlighted in gray (also
called the Unitary Cell).

The muon detectors of AMIGA are being deployed over
the infilled area of ⇠23.5 km2 (fig. 1) which includes 61
stations. The first seven muon detectors are being deployed
in an engineering array called Unitary Cell (UC), consisting
of 30 m2 counters to validate the detection technique and
the detector design. In two positions, two identical 30

m2 detectors are being deployed (the twins) to study the
fluctuation in the counting rate for the detector design
validation [3]. Finally, the rest of the 54 muon detectors
will be deployed in the production phase.

Basically, the AMIGA muon counters have a modular
design mainly because of the need to solve some engineer-
ing challenges. Therefore, the modules are designed to be
water proof, easy, fast, and simple to manufacture, robust
enough to resist long and hard transportation conditions,
and small enough to fit into regular transportation trucks
to reduce costs. Thus, the UC design (see fig. 2) consists
of four modules covering the 30 m2 divided into two mod-
ules with 10 m2, and two with 5 m2 detection area in each
position.

Fig. 2: Simple scheme of the AMIGA Unitary Cell muon
detector and its electronics [6]. The discrimination levels of
the signals from the PMT are adjustable by the calibration
algorithm, expected to be set at ⇠1/3 SPE (Single Photo-
electron level).

Each of the UC modules [4] are segmented in 64 scintil-
lation bars produced at Fermilab. The generated light pulses
are collected by a WLS (wavelength shifter) optical fiber
and then propagated to a multi-anode PMT (Photomultiplier
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Tube from Hamamatsu, H8804-200MOD) [5]. As sketched
in fig. 2, the readout electronics consists of an analog front-
end to amplify and discriminate the pulses coming from
the PMT, and a digital board with a FPGA that samples the
discriminated signals at 320 MHz to conform a 1-bit digi-
talization of the signals. Currently, the events consist of a
block of 1024 words of 64 bits where each bit corresponds
to a module channel and each word to the time bin [6]. The
events are stored in a local memory when a first level trigger
[7] is received from the surface detector. Finally, the data
of the muon counter events are transmitted to the surface
through a control and interface board when a third level trig-
ger is broadcasted to the array and re-transmitted through a
Wi-Fi system to the Central Data Acquisition System of the
Observatory.

2 Deployment of the muon detector
modules

The detector modules are mostly fabricated at Buenos Aires
and then transported ⇠1100 km to the Pierre Auger Obser-
vatory. Then, they are taken to the field and deployed ⇠2.25
m underground (⇠540 g cm�2 considering local soil) in an
”L” layout (fig. 3 and 4) in an effort to reduce the counting
uncertainty produced by inclined muons that could cross
two scintillators instead of one (clipping corners). The layer
of soil above the detectors is used as a shielding against the
electromagnetic component of the particle showers and it
was simulated to be enough to avoid punch-through elec-
trons. The modules are placed ⇠5 m away from the surface
detector to reduce any angular dependence due to a possible
”shading” and to avoid the removal of the surface detector
to excavate the pits for the muon detector modules.

Fig. 3: Deployment of the first twin at Kathy-Turner when
installing the service-tubes right before burying the mod-
ules.

As already mentioned in the previous section, in the case
of the UC, the 30 m2 muon detector is divided into four
modules. The 5 m2 ones provide better segmentation of
the detector to make it suitable to measure particle showers
closer to the core where the number of muons is higher,
thus reducing the so called pile-up of muons.

From the engineering point of view, the modules and the
deployment procedure are designed to provide an easy but
safe installation both for the technicians and the module

itself. As shown in fig. 3, the modules lay on a sand bed free
of rocks in the pit to avoid damages. The pits are excavated
with inclined walls at the top to reduce the possibility
of collapse. The modules are also fully surrounded by
polyfoam as a first protection layer against rocks but also
against sun-light exposure that damages the PVC enclosure
of the modules while deploying. Then, a ⇠10 cm layer of
fine sand is placed on top of the modules before proceeding
to the final refilling of the pit.

Each of the modules has a service tube used to provide
maintenance access to the electronics. The service tubes
have a diameter of 1.3 m (comfortable enough for a techni-
cian). A special glue is used to connect them to the modules
and provides water-tightness. The service tubes are covered
with a cap to resist damage by animals, vandalism, and UV
exposure. Finally, they are refilled with removable big sand
bags (filled with local soil) to make a uniform shielding for
the detector.

3 Current status of the Unitary Cell
construction

Fig. 4: Layout of the AMIGA Unitary Cell. The muon
detectors already installed are represented in green, and
those to be deployed in near future are shown in yellow.
The twin muon detectors at Kathy-Turner are operating and
those next to Phil Collins are still under construction. The
twin detector at Phil Collins consists of three modules (10
m2 each) instead of four to validate a three modules design
for production.

The engineering array is currently growing to form the
UC (fig. 4), and it is important to solve the engineering chal-
lenges of logistics, to develop the facilities and the mod-
ule construction procedures for a reasonable construction
rate, to finish the mechanical design, to develop the corre-
sponding calibration methods, and to register a reasonable
amount of events. Exploiting the UC data, we will be able
to get an experimental output to confirm the simulated pa-
rameters used as the base-line design of the modules such
as the number of muons per shower and their distribution in
time and space. A detailed analysis of these events is thus
mandatory before getting into the production phase.

The UC also includes two twin positions, i.e. there are
two infill surface detectors each one associated with two 30
m2 muon detectors running independently. Currently, one

81

Infill Array (2008-)

750 m 間隔、
71 検出器、 27 km2

AMIGA
地中に設置されたシンチレ
ーター、建設中(80%完了)

new telescopes and provide a cross-check of their calibration constants.

Figure 11. Down Mode: horizontal mode
for service and cross-calibration.

Figure 12. Up Mode: data-taking mode
in tilted orientation.

Figure 13. Limited field of view on re-
construction of standard FD: Showers ap-
proaching the telescope have much higher
reconstruction probability than those de-
parting.

Figure 14. Extended field of view by
combination of Coihueco+HEAT.

The fluorescence technique is best suited to determine the cosmic ray composition by a
direct measurement of the shower depth maximum Xmax. HEAT allows to lower the energy
threshold for these measurements. As the fluorescence light signal is roughly proportional to
the primary particle energy, low energy showers can be detected only at close distances. The
field of view of the baseline design of the FD is limited to 30◦ above the horizon (see figure
13). At close distances only the lowest few kilometres of the atmosphere are in the field of view,
but, low energy showers reach their maximum of development at higher altitudes. Thus, the
crucial region around the shower maximum is generally not observable. The small fraction of
the shower development, which falls within the field of view, is mostly insufficient to determine
the depth of shower maximum Xmax. In addition, this cut-off effect also depends on primary
mass and shower direction. A plain reconstruction of the shower profile using raw data would
yield biased results with respect to zenith angle and mass composition.
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to get an experimental output to confirm the simulated pa-
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Figure 8. The correlation between S35 and
energy.

Figure 9. The distribution of events as
a function of log10(S35/VEM) for different
zenith angle intervals.

3.2. HEAT
The low-energy extension of the fluorescence detector of the Observatory are the 3 High Elevation
Auger Telescopes (HEAT) [13] (figure 10), which operate on the same principles as the standard
fluorescence telescopes of the Observatory.

Figure 10. Photo of the 3 HEAT telescopes tilted upward. In the background the
telecommunication tower of Coihueco is visible.

HEAT telescopes are located near the FD Coihueco building, overlooking the Infill array
and additional water-Cherenkov stations installed to further increase the effective Infill area
for low energy shower measurements (HEAT Low Energy Trigger, HEATLET). The HEAT
telescopes are very similar to the FD telescopes but are housed in three individual buildings,
which can be tilted hydraulically by 30 degrees to cover the range from 30 to 60 degrees above
horizon, so HEAT has two modes of operation: Down Mode (figure 11) and Up Mode (figure
12). The horizontal mode of the HEAT telescopes, which is used for installation, commissioning
and maintenance of the hardware, is also the position in which the absolute calibration of the
telescopes takes place. In this position the field of view of the HEAT telescopes overlaps with
those of the Coihueco telescopes. This offers the possibility of doing special analyses of events
recorded simultaneously. In addition, these events can be used to check the alignment of the
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Detection of cosmic rays using microwave radiation at the Pierre Auger
Observatory
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1 Laboratoire de Physique Nucléaire et de Hautes Energies, Universités Paris 6 et Paris 7, CNRS-IN2P3, Paris, France
2Full author list: http://www.auger.org/archive/authors 2013 05.html

auger spokespersons@fnal.gov

Abstract: The discovery of microwave radiation from the passage of charged particles has opened a new window
for the detection of ultra high energy cosmic rays. The main potential advantages of this technique are the
possibility to instrument a large area with a duty cycle of detection close to 100% and no atmospheric attenuation,
all this using relatively cheap equipment. Cosmic ray detection in the GHz band is being pursued at the Pierre
Auger Observatory with three different set-ups: MIDAS and AMBER are prototypes of an imaging parabolic dish
detector, while EASIER instruments the surface detector units with a radio receiver of wide angular coverage.
The status of microwave R&D activities at the Auger Observatory, including the first detections of cosmic ray air
showers by EASIER, will be reported.

Keywords: Pierre Auger Observatory, ultra-high energy cosmic rays, extensive air showers, microwave detection

1 Introduction
The Pierre Auger Observatory [1] detects Ultra High Energy
Cosmic Rays (UHECR) using a hybrid detector. The surface
detector array (SD) is composed of 1660 water Cherenkov
detectors that sample the air shower at the ground. The
fluorescence detector (FD) consists of 27 telescopes
installed at five sites and measures the shower development
in the atmosphere by observing the fluorescence light.
Recently the Auger Collaboration has undertaken the
development of new detection techniques to enhance the
current detection capability of the Observatory and serve as
a test-bed for next generation experiments. Among these,
radio detection techniques play a crucial role. The VHF
band, between 30 and 80 MHz is extensively studied with
the AERA [2] setup. Radio detection in microwave band is
another alternative. It was triggered by the observation of a
signal in the 1.5-6 GHz band upon the passage of an electron
beam in a anechoic chamber [3]. The emission mechanism,
interpreted as Molecular Bremsstrahlung Radiation (MBR),
is expected to produce an unpolarized and isotropic signal.
Moreover, the power emitted in microwaves was measured
to scale quadratically with the beam energy. The expected
emission from air showers together with the transparency
of the atmosphere at these frequencies would allow the
measurement of the shower longitudinal development
with an almost 100% duty cycle. Three projects, AMBER,
EASIER and MIDAS are being developed to measure this
emission and prototypes are now operated at the Pierre
Auger Observatory. We will describe the status of these
developments and then report on the first detection of radio
signals in microwave band in coincidence with air shower
detected by the regular SD array and discuss their possible
origin.

2 Microwave detection at the Pierre Auger
Observatory

AMBER and MIDAS are imaging telescopes like an FD,
instrumenting an array of feed horn antennas at the focus of

EASIER

MIDAS

AMBER

Fig. 1: Locations of the three microwave detection
prototypes at the Pierre Auger Observatory. The field of
view of AMBER and MIDAS are respectively delimited by
the black and red lines. The EASIER array is represented
by the green dots.

a parabolic dish. EASIER is an alternative design to a radio
telescope: it is embedded in the SD, observing the shower
from the ground with a wide angle antenna pointing to the
zenith. The locations of the three prototypes at the Pierre
Auger Observatory are depicted in Fig. 1. All three take
advantage of the available commercial equipment for TV
satellite reception. They all use horn antennas as receivers,
in C-band (3.4-4.2 GHz) and Ku-band (10.95-14.5 GHz)
for AMBER, and only C-band for MIDAS and EASIER. A
Low-Noise Block down-converter (LNB) is used to shift the
central frequency below 2 GHz and amplify the signal. The
RF signal is then transformed using a power detector whose
output is a DC voltage proportional to the logarithm of the
input power. The signal thus integrated can be acquired with
sampling rates below 100 MHz. The three prototypes benefit
from the commissioning at the Pierre Auger Observatory
because of the radio quiet environment and the possible
coincident detection with the SD or the FD. We present
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MIDAS:&Microwave&Detec*on&of&Air&Showers&&

MIDAS$receiver$
•  4.5&m&parabolic&reflector&
•  53&pixel&camera&&&
•  C^band&feeds,&1.&3◦&×&1.3◦&
•  total&FOV&of&20◦&×&10◦&&

SelfAtriggering$system$$
•  !First.Level.Trigger:&&

•  At&the&pixel&level&
•  Issued&if&the&running&sum&

on&1μs&exceeds&a&certain&
threshold&&

•  FLT&rate&kept&at&100&Hz&&
•  Second.Level.Trigger:&&

•  pixels&(at&least&4)&with&FLT&
•  *me&coincidence&&
•  Compa*bility&with&an&EAS&

pasern&topology&&
!&Accidental&SLT&rate&&=&3.10^4&Hz&

12&

AMBER:&Air^shower&Microwave&Bremsstrahlung&
Experimental&Radiometer&&

$AMBER&receiver&&
•  2.4m&off^axis&parabolic&reflector,&op*cal&axis&30°&in&eleva*on&&
•  4&dual&polarized&dual&band&feed&horns&(C^band&and&Ku^band),&&
•  12&single&polariza*on&C^band&horns&(FoV)&of&7◦&×&7◦.&&
&&

&
$

External&trigger&
•  Wait&for&an&SD&trigger&&
•  Perform&a&fast&geometrical&

reconstruc*on&of&the&SD&events&&
•  Calculate&the&*me&at&which&the&shower&

crossed&the&FOV!read&corresponding&
data&

•  Recording&a&long&trace&(150&μs)&to&
overcome&the&uncertainty&of&the&
method&&&

&
$

10&

EASIER:&Extensive&Air&Shower&Iden*fica*on&using&
Electron&Radiometer&&

EASIER$antenna$system$$
$
•  Upward^facing&feedhorns&

mounted&directly&above&a&SD&
sta*on&&

•  FoV&�&60◦,&low&Tsys&&
•  Trigger&from&local&surface&

detector&sta*on&&
•  Digi*za*on&with&the&exis*ng&

Flash&ADC&at&40&MHz,&Auger&
DAQ&&

•  61&sta*ons&equipped&in&April&
2011&&

&
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MIDAS
53 pixels 

C-band 
antennas, 

4.5 m2 dish, 
20°×10°

EASIER
C-band horn antenna on SD,
61 stations equipped, 94 km2

AERA
124 antennas, 

30-80 MHz, 
6 km2

AMBER
16 pixels antenna, 
C-band(3.4-4.2 GHz) + 
Ku-band(10.95-14.5 GHz)
2.4 m dish, 14°×14°

電波観測

HEAT
Coihueco
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Lego Digital Designer

Still to be completed:
- ~1000 pieces (at the end probably ~ 2000)
-in the next few months at LPNHE we'll buy the pieces (not trivial) 
and develop a first real prototype
-After having hands on pieces I'll figure out the feasibility to 
motorize the shutters 
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Figure 2: Number of visitors logged by year at the Auger
Visitor Center from November 2001 through February 2013.

Figure 3: Auger collaborators with a visitor group which
passed the 80,000 visitor milestone.

provements to remote schools that have difficulty bringing
their students to the Observatory. Fig. 4 shows three tech-
nicians at the Peregrina Cantos school in Bardas Blancas,
60 km from Malargüe, working on the school’s internet
connectivity using hardware purchased from the Education
Fund to which Auger collaborators and institutions con-
tribute. In November 2012, several Auger collaborators met
with a group of headmasters from 10 remote schools to dis-
cuss increased communication with the Observatory as well
as visits to the schools by the Rural School team.

Figure 4: Auger technicians working on internet hardware
at a school in Bardas Blancas.

4 The 2012 Auger Science Fair
The Observatory hosted its fourth biannual Science Fair in
the Assembly Building November 15-17, 2012, this Fair
dedicated to the 100th anniversary of Victor Hess’s balloon
flights which are often referred to as the discovery of cosmic
rays. See Figs. 5 and 6. Thirty-six student teams from all
over Mendoza Province, with ages ranging from primary
school through high school, presented research projects in
the areas of natural science, exact science, and technology.
Auger collaborators and a few invitees served as judges
for the student projects, and prizes were awarded to the
top teams in several categories in the closing ceremony on
November 17. On the 16th, the Science Fair participants had
the opportunity to walk in the Malargüe Day parade along
with Auger collaborators, everyone attended a presentation
about the Observatory in the Visitor Center, and a pizza
party and asado were held in the evening. The November
2012 Science Fair owes its success to the Observatory staff,
the collaborators who served as judges, the Municipality
of Malargüe, the participating teachers and students, and
special mention goes to the lead local organizers: Miguel
Herrera, Fabian Amaya, and Alicia Piastrellini.

Figure 5: November 2012 Science Fair in progress in the
Assembly Building.

Figure 6: Science Fair organizers and participants.

5 Selected Outreach Activities in Member
Countries

La Brújula in Mendoza
The Observatory is currently being featured at the first
exhibition of science and technology, La Brújula (“The
Compass”) [4], which highlights scientific research projects
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8万人目の訪問者 

毎年秋に開催されるパレード
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Reconstructing the air shower 

Xth Rencontres du Vietnam, Quy Nhon August 2014 

Augerで観測された空気シャワー事象
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Reconstructing the air shower 

Xth Rencontres du Vietnam, Quy Nhon August 2014 
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Reconstructing the air shower 

Xth Rencontres du Vietnam, Quy Nhon August 2014 
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SD vertical energy calibration with FD 

Xth Rencontres du Vietnam, Quy Nhon August 2014 

Hybrid 観測 (FD+SD)

 EFDで較正 ESD/EFD

12%



Auger energy spectrum

Flux 
suppression

 
E> 4x1019 eV

Compatible 
with

“GZK” effect

(Fe, p or mixed) 

Or source 
acceleration

limit?

Spectrum alone is not enough 
to discriminate alternative scenarios

エネルギースペクトル

9

E3 J(E)
ICRC 2013で発表された
新エネルギースケール

+16% @ 1018 eV
+10% @ 1019 eV

V. Verzi, A. Schulz, A. Lettessier-Selvon, ICRC 2013
14 

Update of energy scale  (V. Verzi ICRC 13) 

Energy shift with respect to 2010 energy scale 

Xth Rencontres du Vietnam, Quy Nhon August 2014 

Parameter Result (±sstat ±ssys)

log10(Ea/eV) 18.72±0.01±0.02
g1 3.23±0.01±0.07
g2 2.63±0.02±0.04
log10(E1/2/eV) 19.63±0.01±0.01
log10 Wc 0.15±0.01±0.02

30

系統誤差 14%
(世界最高精度)
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Astrophysical scenarios – is the suppression due to the GZK effect? 

(cosmological evolution of source luminosity (1+z)m, source spectrum E-β.) 

Xth Rencontres du Vietnam, Quy Nhon August 2014 

A. Schulz, ICRC 2013 

GZK 機構：宇宙背景放射
と極高エネルギー陽子が相
互作用し1019.5  eV 以上の
宇宙線はエネルギーを大き
く失う。

宇宙線源の加速限界：この
エネルギー以上の宇宙線は
存在しない。

鉄
陽子

p+ �cmb ! p+ ⇡0, n+ ⇡+

Astrophysical Scenario

宇宙線源でのスペクトルのベキの値(β-injection index)、宇宙線
源の密度分布の進化係数 (m-source evolution)

エネルギースペクトルの測定結果だけではこの2つのシナリオ
を十分に区別できない。
質量組成の測定が鍵となる。



Xmaxによる質量組成測定

11

1018.3 eV 付近では陽子が主である。

1019 eVで、Xmaxの分布の幅は純陽子の値よりも
小さい。

1018.5 eV 以上でゆっくりとした質量数の増加が見
られ、混ざり具合が小さい(一種類の質量組成)。

J. Bellido, TAUP2013E.J. Ahn, M. Unger, ICRC2013

ICRC 2013でupdate
<Xmax>
+13 g/cm2 @1018 eV 
+6 g/cm2 @ 1019.5 eV
σ(Xmax) 
< +10 g/cm2 for 1018-19 eV

Mass composition from shower profile
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(Auger Collab. PRL 104, 2010, updated: ICRC 2013)

Independent confirmation from
other composition indicators

Antoine Letessier Selvon (CNRS/UPMC) Auger highlights ICRC 2013 Rio de Janeiro

MASS COMPOSITION II

21

Kuempel (669), 
Ahn (690), 
Garcia-Gamez (694), 
Pieroni (697), 
de Souza (751), 
Hanlon (964)

<Xmax> and σ(Xmax) data

鉄の割合



極高エネルギーガンマ線とニュートリノ
フラックスへの上限値

12
VHEPA, Kashiwa/Tokyo (Japan), March 19-20, 2014Karl-Heinz Kampert - Univ. Wuppertal

No GZK photons and neutrinos, yet

30

Photons Neutrinos ➙ see J. Alavarez-Muniz

Top-Down Models ruled out
ν‘s now below Waxman-Bahcall flux
Becoming sensitive to GZK-ν and γ  

Diffuse Photon and Neutrinos Limits

Energy[eV]
1810 1910 2010

]
-1

 y
-1

 s
r

-2
 [k

m
0

In
te

gr
al

 F
lu

x 
E>

E

-310

-210

-110

1
upper limits 95% C.L.

SD

Hyb 2011

Hyb 2009
A

A

Y
Y

TA

SHDM
SHDM'
TD
Z-burst
GZK

 [eV]νE
1710 1810 1910 2010 2110

 ]
-1

 s
r

-1
 s

-2
 d

N
/d

E 
 [ 

G
eV

 c
m

2 E

-910

-810

-710

-610

-510

-410
Single flavour (90% CL)   

 = 1 : 1 : 1τν : µν : eν

PRELIMINARY
 limitsν

IceCube-40 (333.5 days)
Auger 2012 (6 yr)
ANITA-II (28.5 days)
RICE 12 (4.8 yr)
HiRes

Exotic scenarios
Z-burst (Kalashev)
TD (Sigl)

 [eV]νE
1710 1810 1910 2010 2110

 ]
-1

 s
r

-1
 s

-2
 d

N
/d

E 
 [ 

G
eV

 c
m

2 E

-910

-810

-710

-610

-510

-410

GZK

WB

VHEPA, Kashiwa/Tokyo (Japan), March 19-20, 2014Karl-Heinz Kampert - Univ. Wuppertal

No GZK photons and neutrinos, yet

30
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トップダウンモデルが棄却されている。
GZK機構によって生成されるニュートリノ、ガンマ線の
感度に近づきつつある。

GZK γ (FD) GZK ν (SD)

 P. Rieroni, ICRC 2013.

Single flavor (90 % CL)

M. Settimo, C.Bleve 



近傍活動銀河核(AGN)との相関解析

Astropart.	
  Phys.	
  24,	
  314	
  (2010)

3.1 degree circle 
VCV catalog z < 0.018
E > 5.7×1019 eV
in 2011 E-scale,

84 事象中 28 事象が相関
(33%, 偶然確率 0.006)

UHE Correlation with AGNs within GZK-sphere?
VCV catalogue, E> 57 EeV, z<0.018, distance < 3.1 deg.
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AGN Correlation: TA vs Auger

29

Perfect agreement between Auger & TA

Kampert & Tiniakov
to be submitted to CRAS

TAの結果と一致している。



極高エネルギーでの粒子相互作用
Measurement of Λη
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Proton-Air Cross Section Summary

(Energy/eV)
10

log
11 12 13 14 15 16 17 18 19 20

C
ro

ss
 s

ec
tio

n 
(p

ro
to

n-
ai

r)
   

[m
b]

200

300

400

500

600

700

QGSJet01c
QGSJetII.3
Sibyll 2.1
Epos 1.99

Energy    [eV]
1110 1210 1310 1410 1510 1610 1710 1810 1910 2010

    [TeV]ppsEquivalent c.m. energy 
-110 1 10 210

Nam et al. 1975
Siohan et al. 1978
Baltrusaitis et al. 1984
Mielke et al. 1994
Honda et al. 1999
Knurenko et al. 1999
HiRes ICRC 2007
Aglietta et al. 2009
Aielli et al. 2009
Yakutsk ICRC 2011
Auger PRL  2012

0.9TeV 2.36TeV 7TeV 14TeV

LHC

Ralf Ulrich, ralf.ulrich@kit.edu 18

陽子-空気の散乱断面積

ミューオン数の不足
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The muon content of hybrid events recorded at the Pierre Auger Observatory
GLENNYS R. FARRAR1 FOR THE PIERRE AUGER COLLABORATION2

1Center for Cosmology and Particle Physics, Department of Physics, New York University, NY, NY 10003, USA
2Full author list: http://www.auger.org/archive/authors 2013 05.html
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Abstract: The hybrid events of the Pierre Auger Observatory are used to test the leading, LHC-tuned, hadronic
interaction models. For each of 411 well-reconstructed hybrid events collected at the Auger Observatory with
energy 1018.8 � 1019.2 eV, simulated events with a matching longitudinal profile have been produced using
QGSJET-II-04 and EPOS-LHC, for proton, He, N, and Fe primaries. The ground signals of simulated events
have a factor 1.3-1.6 deficit of hadronically-produced muons relative to observed showers, depending on which
high energy event generator is used, and whether the composition mix is chosen to reproduce the observed Xmax
distribution or a pure proton composition is assumed. The analysis allows for a possible overall rescaling of the
energy, which is found to lie within the systematic uncertainties.

Keywords: Pierre Auger Observatory, ultra-high energy cosmic rays, muons, hadronic interactions

1 Introduction
The ground-level muonic component of ultra-high energy
(UHE) air showers is sensitive to hadronic particle interac-
tions at all stages in the air shower cascade, and to many
properties of hadronic interactions such as the multiplicity,
elasticity, fraction of secondary pions which are neutral, and
the baryon-to-pion ratio [1]. Air shower simulations rely
upon hadronic event generators (HEGs), such as QGSJET-
II [2], EPOS [3], and SIBYLL [4]. The HEGs are tuned on
accelerator experiments, but when applied to air showers
they must be extrapolated to energies inaccessible to accel-
erators and to phase-space regions not well-covered by ex-
isting accelerator experiments. These extrapolations result
in a large spread in the predictions of the various HEGs for
the muon production in air showers [5].

The hybrid nature of the Pierre Auger Observatory, com-
bining both fluorescence telescopes (FD) [6] and surface de-
tector array (SD) [7], provides an ideal experimental setup
for testing and constraining models of high-energy hadronic
interactions. Thousands of air showers have been collected
which have a reconstructed energy estimator in both the
SD and FD. The measurement of the longitudinal profile
(LP) constrains the shower development and thus the signal
predicted for the SD, at the individual event level.

2 Production of Simulated Events
In the present study, we compare the observed ground signal
of individual hybrid events to the ground signal of simulated
showers with matching LPs.

The data we use for this study are the 411 hybrid events
with 1018.8 < E < 1019.2 eV recorded between 1 January
2004 and 31 December 2012 and satisfying the event quality
selection cuts in [8, 9]. This energy range is sufficient
to have adequate statistics while being small enough that
the primary cosmic ray mass composition does not evolve
significantly. For each event in this data set we generate
Monte Carlo (MC) simulated events with a matching LP, as
follows:
• Generate a set of showers with the same geometry and
energy, until 12 of them have an Xmax value within one
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Figure 1: Top: The measured longitudinal profile of a
typical air shower with two of its matching simulated
air showers, for a proton and an iron primary, simulated
using QGSJET-II-04. Bottom: The observed and simulated
ground signals for the same event.

sigma of the real event.
• Among those 12 generated showers select, based on the
c

2-fit, the 3 which best reproduce the observed longitudinal
profile (LP).
• For each of those 3 showers do a full detector simulation

52

33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
THE ASTROPARTICLE PHYSICS CONFERENCE

The muon content of hybrid events recorded at the Pierre Auger Observatory
GLENNYS R. FARRAR1 FOR THE PIERRE AUGER COLLABORATION2

1Center for Cosmology and Particle Physics, Department of Physics, New York University, NY, NY 10003, USA
2Full author list: http://www.auger.org/archive/authors 2013 05.html
auger spokespersons@fnal.gov

Abstract: The hybrid events of the Pierre Auger Observatory are used to test the leading, LHC-tuned, hadronic
interaction models. For each of 411 well-reconstructed hybrid events collected at the Auger Observatory with
energy 1018.8 � 1019.2 eV, simulated events with a matching longitudinal profile have been produced using
QGSJET-II-04 and EPOS-LHC, for proton, He, N, and Fe primaries. The ground signals of simulated events
have a factor 1.3-1.6 deficit of hadronically-produced muons relative to observed showers, depending on which
high energy event generator is used, and whether the composition mix is chosen to reproduce the observed Xmax
distribution or a pure proton composition is assumed. The analysis allows for a possible overall rescaling of the
energy, which is found to lie within the systematic uncertainties.

Keywords: Pierre Auger Observatory, ultra-high energy cosmic rays, muons, hadronic interactions

1 Introduction
The ground-level muonic component of ultra-high energy
(UHE) air showers is sensitive to hadronic particle interac-
tions at all stages in the air shower cascade, and to many
properties of hadronic interactions such as the multiplicity,
elasticity, fraction of secondary pions which are neutral, and
the baryon-to-pion ratio [1]. Air shower simulations rely
upon hadronic event generators (HEGs), such as QGSJET-
II [2], EPOS [3], and SIBYLL [4]. The HEGs are tuned on
accelerator experiments, but when applied to air showers
they must be extrapolated to energies inaccessible to accel-
erators and to phase-space regions not well-covered by ex-
isting accelerator experiments. These extrapolations result
in a large spread in the predictions of the various HEGs for
the muon production in air showers [5].

The hybrid nature of the Pierre Auger Observatory, com-
bining both fluorescence telescopes (FD) [6] and surface de-
tector array (SD) [7], provides an ideal experimental setup
for testing and constraining models of high-energy hadronic
interactions. Thousands of air showers have been collected
which have a reconstructed energy estimator in both the
SD and FD. The measurement of the longitudinal profile
(LP) constrains the shower development and thus the signal
predicted for the SD, at the individual event level.

2 Production of Simulated Events
In the present study, we compare the observed ground signal
of individual hybrid events to the ground signal of simulated
showers with matching LPs.

The data we use for this study are the 411 hybrid events
with 1018.8 < E < 1019.2 eV recorded between 1 January
2004 and 31 December 2012 and satisfying the event quality
selection cuts in [8, 9]. This energy range is sufficient
to have adequate statistics while being small enough that
the primary cosmic ray mass composition does not evolve
significantly. For each event in this data set we generate
Monte Carlo (MC) simulated events with a matching LP, as
follows:
• Generate a set of showers with the same geometry and
energy, until 12 of them have an Xmax value within one
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Figure 1: Top: The measured longitudinal profile of a
typical air shower with two of its matching simulated
air showers, for a proton and an iron primary, simulated
using QGSJET-II-04. Bottom: The observed and simulated
ground signals for the same event.

sigma of the real event.
• Among those 12 generated showers select, based on the
c

2-fit, the 3 which best reproduce the observed longitudinal
profile (LP).
• For each of those 3 showers do a full detector simulation
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Figure 2: The average ratio of the S(1000) of observed
events to that in simulated events as a function of zenith
angle for mixed or pure proton composition. The gray band
represents the impact of the 14% systematic uncertainty in
the FD energy scale.

and generate SD signals for comparison with the data.
We do this for two different HEGS (QGSJET-II-04[10]

and EPOS-LHC[11]) and for four different primary cosmic
ray types (proton, helium, nitrogen, and iron) for all of the
events in the dataset. Note, however, that in some events
the Xmax value is so deep or shallow that the event cannot
be reproduced with all four primaries in both HEGs.

Simulation of the detector response is performed with
GEANT4 [12] within the software framework Offline [13]
of the Auger Observatory. The MC air shower simulations
are performed using the SENECA simulation code [14],
with FLUKA [15, 16] as the low-energy HEG. Having
three simulated showers which match the LP is sufficient to
estimate the mean ground signal for the given LP.

The LP and lateral distribution of the ground signal of
a typical event are shown in Fig. 1, along with a matching
proton and iron simulated event. A high quality fit to the LP
is found for all events for at least one primary type, and the
c

2 distribution of the selected LPs compared to the data is
comparable to that found in a Gaisser-Hillas fit to the data.

Fig. 1 illustrates a general feature of the comparison
between observed and simulated events: the ground signal
of the simulated events is systematically smaller than the
ground signal in the data events. Contributing factors to such
a discrepancy in the ground signal could be a systematic
energy offset, arising due to the 14% systematic uncertainty
in the FD energy scale [8], or deficiencies in the HEGs.
Elucidating the nature of the discrepancy is the motivation
for the present study.

The estimated signal size at 1000 m, S(1000), is the SD
energy estimator. Fig. 2 shows the ratio of the S(1000)
of observed and simulated events for several HEGs, us-
ing a mixed composition that reproduces the Xmax distribu-
tion (Fig. 3), and also using pure protons for comparison.
The discrepancy between measured and simulated S(1000)
grows with zenith angle for each HEG and is larger than
the uncertainty in the FD energy scale at all angles. The
growth of the discrepancy with zenith angle suggests that
the simulations are predicting too few muons.
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Figure 3: The Xmax distribution of the events used for this
study, with the predicted shape from the best-fit p j(Xmax)
functions, for EPOS-LHC.

3 Quantifying the Discrepancy
To explore the potential sources of the discrepancy, the
ground signal is modified in the simulated events to fit the
ground signal in the data. Two rescaling factors are intro-
duced: RE and R

µ

. RE acts as a rescaling of the energy of
the primary cosmic ray, which rescales the total ground sig-
nal of the event uniformly. R

µ

acts as a “muonic” rescaling
factor; it rescales only the contribution to the ground signal
of inherently hadronic origin. For each event in the dataset,
a rescaled simulated S(1000) is calculated as a function
of RE , R

µ

, and primary particle type. RE and R
µ

are then
fit to minimize the discrepancy between the ensemble of
simulated and observed S(1000), for each HEG considered.
The likelihood function to be maximized is ’i Pi, where the
contribution of each event is

Pi = Â
j

p j(Xmax,i)N (Sresc(RE ,R
µ

)i, j �S(1000)i,si, j).

The index i runs over each event in the data set and j labels
the primary type; the factor p j(Xmax,i) is the probability that
the ith event comes from primary type j, given the Xmax of
the event. We calculate p j(Xmax) using the mix of p, He, N
and Fe which best-fits the observed Xmax distribution, for
each HEG. Determination of si, j and Sresc(RE ,R

µ

)i, j are
discussed below.

The first step in determining Sresc(RE ,R
µ

)i, j is to at-
tribute the ground signal of each simulated particle in the
detector to either an electromagnetic (EM) or hadronic ori-
gin. To do this, the history of all muons and EM particles
(e± and gs) reaching ground are tracked during simula-
tion following the description in [17]. EM particles that are
produced by muons, through decay or radiative processes,
and by low-energy p

0s are attributed to the muonic signal;
muons that are produced through photoproduction are at-
tributed to the electromagnetic signal. Fig. 4 shows the sig-
nal produced by each component of a 10 EeV air shower.

Because S(1000) is a reconstructed property of each
event, the impact of altering the muonic component or
overall energy must be determined using reconstructed
showers. To do this, we recalculate the detector response for
each simulated shower, increasing the weight of the muonic
component by the scale factors w

µ

= 1.0, 1.75, and 2.5,
and a linear fit is performed to extract the EM and muonic
components SEM and S

µ

via S(1000)(w
µ

) ⌘ SEM +w
µ

S
µ

.
The rescaled simulated S(1000) is then

Sresc(RE ,R
µ

)i, j ⌘ RE SEM,i, j +Ra

E R
µ

S
µ,i, j , (1)
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FDで測定された縦方向
発達に合うように、陽子
と鉄のSimulation生成

SDで期待される
横方向分布を比較

Relating Longitudinal Development to X1
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to describe Λ seen in data
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Difficulties:
• mass composition can alter Λ
• fluctuations in Xmax

• experimental resolution ~ 20 g/cm2
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30%~50%モデルの
ミューオン数が不足
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スペクトルのカットオフの精密測定（世界最大統計、最高精度）
極高エネルギーニュートリノとガンマ線のフラックス強い上限値、
トップダウンモデルを棄却。
近傍天体と極高エネルギー宇宙線到来方向との弱い相関。
1018.5 eV 以上でのゆっくりとした宇宙線の質量数の増加。
LHCで達成可能なエネルギーよりも一桁高いエネルギー領域での
粒子相互作用、ミューオン数の不足。
スペクトルのカットオフがGZK機構か、宇宙線源の加速限界か？
ゆっくりとした質量数の増加の精密測定。陽子の割合はどれくら
いか？1019.7 eV 以上の質量組成測定。
近傍天体との弱い相関の理由は？
極高エネルギー領域へ外挿された粒子相互作用は正しいのか？

Augerの測定結果と解明すべき物理



Augerの拡張計画 −Beyond 2015−
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2.2 Extensive air showers
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Figure 2.3: Model predictions of Xmax and the
number of muons at ground for E = 1019eV. Pho-
ton showers develop mainly in the electromag-
netic cascade due to the small cross section for
photo-nuclear interaction. As a result, the number
of muons on ground is one order of magnitude
smaller than for hadronic showers. The differ-
ences in the model predictions are much smaller
because the electromagnetic cascade is very well
understood. From [6].

where C(s) is a normalization constant depending on the shower age and f denotes the polar
angle in the plane perpendicular to the shower axis.

Hadronic showers can be described by a similar approach. The main difference is that,
in each hadronic interaction, many secondaries (usually pions) are produced. The number
of secondary mesons (multiplicity) is model-dependent. For ntot pions, nch = 2

3 ntot charged
pions are created. Charged pions usually decay to muons. The number of muons after n
generations reads as

Nµ = (nch)n =

✓
E0

Edec

◆a

,

where Edec is the critical energy where decay is preferred over re-interaction and a depends
on the hadronic interaction model.

The energy in the hadronic and electromagnetic cascade is given by

Ehad =

✓
2
3

◆n
E0 Eem = E0 � Ehad .

Clearly, the fraction of energy transferred to the electromagnetic cascade increases with the
number of generations, and hence with the primary energy.

The results of these simple considerations are confirmed by detailed MC simulations. The
number of particles at maximum NA

max, the number of muons Nµ and the depth of maximum
Xmax for showers initiated by heavy nuclei can be derived from the superposition model. The
model states that a heavy nucleus of mass A and energy E can be viewed as a superposition
of A independent nucleons with energy Eh = E/A. It is justified because the kinetic energy

7

measure  μ comp.
with SD  
         (100% duty cycle)

この2成分を分けて測定することで各
イベントの質量組成測定を達成する。

SDは24時間定常観測可能なため統計
量が10倍に増加する。

陽子成分を10％の精度で測定する。

モデルによりミューオン数が異なるこ
とを使った粒子相互作用の理解。

質量組成ごとに高統計での天源探査。

空気シャワー中の電磁相互作用粒子成分(e+,e-,γ)と
ミューオン粒子成分(µ+,µ-)を別々にSDで測定する。
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23 – 25 September – Lisbon - Portugal

地表検出器(SD)のUpgrade
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Array of Layered Surface Detectors 

LSD status and 
performances

Auger Collaboration meeting!
June 17th, 2014.

LSD
(Layered Surface 
Detector)
NIM-A 767 (2014) 41-49

4 

•  Large Area 

•  Underground 
•  Modular 
•  analog readout with 
single PMT 

PMT 

TOSCA
AMIGA-Grande
地中にシンチレーター

ASCII

Auger Scintillators for Composition - II

Proposal for Beyond 2015

X. Bertou, Centro Atómico Bariloche

2014 Analysis Meeting

ASCII
(Auger Scintillators 
for Composition - II)

MARTA
(Muon Auger RPC Tank 
Array) 

Auger SD

SDE+Small PMT
(SD Electronics upgrade)

VHEPA, Kashiwa/Tokyo (Japan), March 19-20, 2014Karl-Heinz Kampert - Univ. Wuppertal

Electronics
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ASCII(Auger Scintillators for Composition-II)
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ASCII

Auger Scintillators for Composition - II

Proposal for Beyond 2015

X. Bertou, Centro Atómico Bariloche

2014 Analysis Meeting

Figure 2: Simulated versus reconstructed N
µ

(left) and same plot once taking into account the energy
resolution (misreconstructed energy, right). No strong composition or model bias can be seen.

Figure 3: N
µ

reconstruction accuracy at 10, 30 and 100 EeV (left), and same plot once taking into account
the energy resolution (misreconstructed energy, right), for all primaries, zenith angles, and models.

Figure 4: N
µ

reconstruction accuracy for proton and iron primaries (left), and same plot once taking into
account the energy resolution (misreconstructed energy, right), using all energies, zenith angles and models.
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struction taking into account the energy misreconstruction (right).
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Figure 6: Proton and iron separation at 100 EeV for QGSJetII-03 simulated events using simulated true
values (left), reconstructed values (center), and taking into account energy resolution (right).
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should improve further on the N
µ

reconstruction, and improve even more the merit factor for discrimination
as it would improve the resolution accuracy for both relevant parameters.

Real data analysis

Nano-ASCII (0.25 m2, Nov 2010 - Jan 2012) had a very limited dynamic range making its physics data
mostly useless, but its monitoring can be used as a check of the mechanical design against excessive tem-
perature (double roof technique). The temperature evolution of nano-ASCII over one year and in the hottest
month (January) can be seen in fig. 8. The temperature inside ASCII is roughly the outside air temperature,
and can be up to 10 degrees less than the PMTs inside the WCD during the hot hours of summer.

Figure 8: Temperature of nano-ASCII compared to the other 2 PMTs of the detector and to Los Morados
outside air temperature.

Micro-ASCII (Nov 2013 - Feb 2014) was mainly designed to check the calibration method and observe
low energy showers. It was triggered by the WCD to allow a proper observation of the MIP. A resulting
one hour calibration histogram can be seen in fig. 9. The highest energy vertical event with a non-saturated
large signal in ASCII, a 1.3 EeV shower of 36 deg of zenith angle, can be seen in fig. 10, and a comparison
of signal in ASCII with the signal in the WCD can be seen in fig. 11, showing a proper behaviour of the
detector. Analysis of these data is currently an ongoing activity.

As of February 25, 2014, Milli-ASCII is being deployed and no data has been taken yet.

3

陽子

鉄Merit Factor
(陽子と鉄をどれくらい区別できるか？)

fp,Fe =
|mP �mFe|p

�2
P + �2

Fe

m : mean
σ : standard deviation

FD Xmax : 1.4 

lo
g(
ミ
ュ
ー
オ
ン
数

)
Xmax

2 m2 シンチレーターをSD
の上に置いて、E.M./
Muon成分を分ける
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First milli-ASCII data: traces
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First milli-ASCII data: MIP calibration
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Some elementary event reconstruction
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We reconstruct both the em and muon size adequately!
From timing (shower front and traces shape) we can get Xmax within 40 g/cm2 !

(ASCII does it with only 2 or 3 m2 while we have 10 m2, several tank per events and we measure also gammas)

Layered Surface Detector
p / Fe  ~ 10 EeV ~ 40º
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Proposed Project

We need mass composition on an event by event basis with high statistics

Upgrade of the Pierre Auger Observatory

– Segmentation of surface detector stations

– First prototypes are being built (2013/2014)

Proposal

– Development of calibration and analysis tools

– Determination of the mass composition using the engineering array

Integration in the Helmholtz Association and KIT

– World leading experts on cosmic rays at KIT (IKP, IEKP, IPE)

– The proposed project is an essential part of the Helmholtz Program for
Astroparticle Physics and KSETA

– High impact and visibility of HNG expected

3 / 3

Simulated configuration:
segmented water Cherenkov tank 20
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テスト観測 (LSD)
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Deployment

Options for liners

construction of new liners in
Colorado

reuse of the existing liners (if
liners in la pampa are in a good
shape)

umbrella option ( a new design
with telescopic opening and
minimal Tyvek folding)

Options for deployment

liner replacement in the field (not
too di�cult and no water
contamination )

umbrella system ( No replacement
of liner, no handling of PMTs,
nearly no water handling)

estimated work time in the field
(team of 4 persons, first option):
5 1/2 hours

18 / 20

サイトに 2 検出器設置。

8 / 20

7 / 20

7 / 20

553 events reconstructed ( E > 0.03 EeV, θ < 45°)

Antoine et al., NIM-A 767 (2014) 41-49

S(450)を1に規格化



MARTA (Muon Auger RPC Tank Array) 
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23 – 25 September – Lisbon - Portugal
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p-Fe separation on NP�

1019 eV

1019.8 eV

MF = 1.1

MF = 1.8

MF = 1.0

MF = 1.3

1019 eV x (�r�����

1019.8 eV x (�r�����

セグメント化された高抵
抗板チェンバー(resistive 

plate chamber,RPC) を
SDの下に設置。

SDは電磁成分の遮蔽と
して使う。
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Installed in 

One Day!!

テスト観測 (MARTA)
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最初の検出器が設置、DAQ開始。

MARTA @ Voldemort

Precast design 
optimized

Site prepared by staff
(followed design: no concrete base)

Deployment using
hydrogrua

2 RPCs just arrived at
Malargüe

10

Installed in 

One Day!!

MARTA @ Tierra del Fuego

Electronics

Two RPCs
(on top of each other)

Instrumented with
discrete electronics

First data with T3

10

Installed in 

One Day!!
10

Installed in 

One Day!!

10

Installed in 

One Day!!

10

Installed in 

One Day!!
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Single parameter (Sµ) based analysis:  

p-Fe, 21º p-Fe, 21º 

Figure of Merit (FoM) @ Ropt  

Ropt = 800 m FoM @ Ropt  : 

E (eV) 

θ (deg) 1019 1019.8 

21 1.8 2.0 
38 1.7 1.9 
52 1.4 1.6 
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QGS 

E = 1019.0 eV E = 1019.8 eV 

Simulation Settings  

5.7 m 

1.3 m 

30 m 

SD Detector settings 
 - SDE at 120 MHz 
 - Ideal array configuration 
 - Detector spacing of 1500 m 
 
MD Detector settings 
 - MDE at 320 MHz 
 - Area: 10 m2 
 - Depth: 1.3 m 
 

 - 64 strips 
 - 1-bit electronics:  
              (PMT +)  Amp + Discrim + FPGA 
 - Integrator not implemented in simulations 
 

12 

地中にシンチレーターを設置

24

The AMIGA enhancement 23

4.3. Muon counters

To measure the number of muons inside an extensive air shower, each of the 85
detector stations of the infill array (19 stations from the regular SD array plus 66
additional stations) will be equipped with an underground muon counter consisting
of three independent modules (Fig. 4.5). The modules will be placed at a distance
of about 5m from the tank in a depth of 2.25m, corresponding to a slant depth of
540 g cm�2 assuming standard rock with a density of 2.4 g cm�3. The average power
of 20W needed to operate the muon counter modules is provided by additional solar
panels and batteries, similar to the ones already used for the regular SD stations [35].

Figure 4.5: Possible layout of an AMIGA detector pair with the muon counter
(bottom) buried alongside a regular SD station (top) [40]; in the lay-
out shown here, one muon counter module is replaced by two smaller
modules with half the size so that the muon counter consists of four
independent modules instead of three.

Each muon counter module consists of 64 scintillator strips with a length of 400 cm,
a width of 4.1 cm and a height of 1.0 cm, thus each muon counter covers a total area
of about 30m2 [41]. The scintillator strips are similar to the ones used in the MINOS
experiment (Main Injector Neutrino Oscillation Search, [42]). The strips are made of
extruded polystyrene doped with fluor and co-extruded with a TiO

2

reflective coat-
ing. Each strip has a groove on the top side, into which a wavelength shifting optical
fiber is glued (Fig. 4.6(a)). The purpose of these fibers is to guide the light emitted
by the scintillators to a 64 channel multi-anode PMT and to shift the wavelength of
the signals into the optimal range of the spectrum for the PMT used in the setup.

The electronics of a single muon counter module is placed in the center of the
module with 32 scintillator strips at each side. The electronics itself (Fig. 4.6(b))
consists of a series of printed circuit boards (PCBs), handling the acquisition and

R=800

AMIGA-GrandeTOSCA

!  Compact industrial-type design 
–  Reduces light attenuation (~15% max, measured in Torino) 
–  Identical modules 
–  Solid, two-pieces case 

–  PVC or water repellent styrofoam  7 

Extruded Polystyrene  2310x1200 x80mm    

 12 bars  100 x 10 x 2010  

PMT side 

TOP-view 

SIDE-view 

WLS router 
to bundle 

Readout and 
transport 
positions 

WLS router 
U shape 

ミューオン数を精密測定する



AMIGAとしてのテスト観測
AMIGAとしてのテスト検出
器設置が順調に進んでいる。

残り 6 検出器を今設置中。
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UC status 
 

  

Also decommissioning first 5m2 module 
- Defined decommissioning procedure, fast and simple. No module damage. 
- Autopsy to check module status after 6 years buried 

Last 6 modules deployment is ongoing 
 

Module in  
perfect shape 

UC Current status 
Last modules to complete UC delivered last week 
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UC status 
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- Defined decommissioning procedure, fast and simple. No module damage. 
- Autopsy to check module status after 6 years buried 

Last 6 modules deployment is ongoing 
 

Module in  
perfect shape 

UC Current status 
Last modules to complete UC delivered last week 
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F. Suarez et al., The AMIGA muon detectors of the Pierre Auger Observatory
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Tube from Hamamatsu, H8804-200MOD) [5]. As sketched
in fig. 2, the readout electronics consists of an analog front-
end to amplify and discriminate the pulses coming from
the PMT, and a digital board with a FPGA that samples the
discriminated signals at 320 MHz to conform a 1-bit digi-
talization of the signals. Currently, the events consist of a
block of 1024 words of 64 bits where each bit corresponds
to a module channel and each word to the time bin [6]. The
events are stored in a local memory when a first level trigger
[7] is received from the surface detector. Finally, the data
of the muon counter events are transmitted to the surface
through a control and interface board when a third level trig-
ger is broadcasted to the array and re-transmitted through a
Wi-Fi system to the Central Data Acquisition System of the
Observatory.

2 Deployment of the muon detector
modules

The detector modules are mostly fabricated at Buenos Aires
and then transported ⇠1100 km to the Pierre Auger Obser-
vatory. Then, they are taken to the field and deployed ⇠2.25
m underground (⇠540 g cm�2 considering local soil) in an
”L” layout (fig. 3 and 4) in an effort to reduce the counting
uncertainty produced by inclined muons that could cross
two scintillators instead of one (clipping corners). The layer
of soil above the detectors is used as a shielding against the
electromagnetic component of the particle showers and it
was simulated to be enough to avoid punch-through elec-
trons. The modules are placed ⇠5 m away from the surface
detector to reduce any angular dependence due to a possible
”shading” and to avoid the removal of the surface detector
to excavate the pits for the muon detector modules.

Fig. 3: Deployment of the first twin at Kathy-Turner when
installing the service-tubes right before burying the mod-
ules.

As already mentioned in the previous section, in the case
of the UC, the 30 m2 muon detector is divided into four
modules. The 5 m2 ones provide better segmentation of
the detector to make it suitable to measure particle showers
closer to the core where the number of muons is higher,
thus reducing the so called pile-up of muons.

From the engineering point of view, the modules and the
deployment procedure are designed to provide an easy but
safe installation both for the technicians and the module

itself. As shown in fig. 3, the modules lay on a sand bed free
of rocks in the pit to avoid damages. The pits are excavated
with inclined walls at the top to reduce the possibility
of collapse. The modules are also fully surrounded by
polyfoam as a first protection layer against rocks but also
against sun-light exposure that damages the PVC enclosure
of the modules while deploying. Then, a ⇠10 cm layer of
fine sand is placed on top of the modules before proceeding
to the final refilling of the pit.

Each of the modules has a service tube used to provide
maintenance access to the electronics. The service tubes
have a diameter of 1.3 m (comfortable enough for a techni-
cian). A special glue is used to connect them to the modules
and provides water-tightness. The service tubes are covered
with a cap to resist damage by animals, vandalism, and UV
exposure. Finally, they are refilled with removable big sand
bags (filled with local soil) to make a uniform shielding for
the detector.

3 Current status of the Unitary Cell
construction

Fig. 4: Layout of the AMIGA Unitary Cell. The muon
detectors already installed are represented in green, and
those to be deployed in near future are shown in yellow.
The twin muon detectors at Kathy-Turner are operating and
those next to Phil Collins are still under construction. The
twin detector at Phil Collins consists of three modules (10
m2 each) instead of four to validate a three modules design
for production.

The engineering array is currently growing to form the
UC (fig. 4), and it is important to solve the engineering chal-
lenges of logistics, to develop the facilities and the mod-
ule construction procedures for a reasonable construction
rate, to finish the mechanical design, to develop the corre-
sponding calibration methods, and to register a reasonable
amount of events. Exploiting the UC data, we will be able
to get an experimental output to confirm the simulated pa-
rameters used as the base-line design of the modules such
as the number of muons per shower and their distribution in
time and space. A detailed analysis of these events is thus
mandatory before getting into the production phase.

The UC also includes two twin positions, i.e. there are
two infill surface detectors each one associated with two 30
m2 muon detectors running independently. Currently, one

81

24 Muon counters

(a) (b)

Figure 4.6: (a) Detailed view of the optical fibers between the scintillator strips
(background) and the optical connector for the 64 channel multi-anode
PMT (center) [43]; (b) the electronics package for the muon counter
modules.

the processing of the signals from the PMT as well as the communication with the
surface detector and the power distribution for the operation of the module. Here,
only a brief summary of the muon counter electronics will be given, a detailed de-
scription can be found in [40, 44].

The signals from the 64 PMT channels are transformed into digital data by dis-
crimators, whose threshold levels can be controlled independently for each channel.
The digitized pulses are read out by a field-programmable gate array (FPGA) at
a sampling rate of 320MHz and continuously stored in a circular bu↵er within the
FPGA. Upon reception of a trigger signal, which can be provided either internally
(occupancy trigger, requiring a pre-defined number of channels showing a signal in
the same time bin) as well as externally by a T1 signal from the respective surface
detector, the following pulses are stored in a second bu↵er within the FPGA. The
contents of both bu↵ers are then stored in a static random-access memory (RAM)
and can be sent to a single board microcomputer at the surface detector, which
then wirelessly transmits both the SD and the muon counter data to the CDAS
upon request.

4.3.1. Unitary cell

To test the baseline design of the AMIGA muon counters, an engineering array, the
unitary cell, is projected. Within the scope of this unitary cell, seven SD stations
of the 750m infill array will be equipped with muon counters, forming a hexagon
around a central station. However, the design of the muon counters for the unitary
cell will, at least in the first stage of construction, di↵er from the envisaged final de-
sign in two points: firstly, each muon counter will consist of only one module instead

The AMIGA enhancement 25

of three. Secondly, the FPGA will sample the signals not at the envisaged 320MHz
rate but rather at a slower rate of 80MHz.

Figure 4.7: Deployment of the 5m2 prototype at the SD station Corrientes in
November 2009 [45]; in order to retain access to the electronics installed
in the center of the module (inside the grey casing), the prototype is
equipped with a manhole (white tube).

As first steps toward the unitary cell, two prototype modules, di↵ering only in
their size, have been installed at the SD station Corrientes (see Fig. 4.4). The first
5m2 prototype with 200 cm strips has been deployed in November 2009 (Fig. 4.7),
the second, larger, 10m2 protoype with 400 cm strips followed in September 2010.
The construction of the rest of the unitary cell is projected to begin by April 2011.
The unitary cell will then be operating for at least a year to test and improve the
baseline design. It is planned to equip the rest of the infill array with muon counters
starting by the middle of 2012.



6"

Small PMT 

Possibility to host Sens Tech or 
CEAN high voltage modules. 

The same mechanics can hold the 
three PMT candidates. 

SDE + Small PMT 
高サンプリングレート：40 MHz -> 120 MHz

ミューオン識別能力を向上させ、加えて信号
のダイナミックを広げる。
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Saturation probability vs Energy

Standard PMT saturated fraction ~40% at 50 EeV
Small PMT saturation < 1% → all events recovered!

Std PMT

Small PMT

  

Saturation probability vs distance

Std PMT

Small PMT

→ small PMT saturation marginal and only for 
stations close to the shower axis

distance of closest station  [m]

6"

Small PMT 

Possibility to host Sens Tech or 
CEAN high voltage modules. 

The same mechanics can hold the 
three PMT candidates. 

10"

Upgraded Unified Board UUB 

Tests with the UUB evaluation board 
are nearly completed. 

Integration of the slow control, the 
front-end and the LED controller to 
the UUB is nearly completed. 

Bill-of-Material and schematics 
should be ready  mid-July. 

The PCB board will be ordered and 
shipped directly to KIT for 
prototype fabrication. 

First 5 prototypes expected in 
September. 
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2014, 23 – 25 September

23 – 25 September – Lisbon - Portugal

Array of Layered Surface Detectors 

LSD status and 
performances

Auger Collaboration meeting!
June 17th, 2014.

4 

•  Large Area 

•  Underground 
•  Modular 
•  analog readout with 
single PMT 

PMT 

ASCII

Auger Scintillators for Composition - II

Proposal for Beyond 2015

X. Bertou, Centro Atómico Bariloche

2014 Analysis Meeting

VHEPA, Kashiwa/Tokyo (Japan), March 19-20, 2014Karl-Heinz Kampert - Univ. Wuppertal

Electronics
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Photo-electron traces 

SMALL PMT

10 EeV, proton 
zenith=32°
Saturated 

station at 100 m from axis

PMT 1 PMT 2 PMT 3 Small
PMT

世界最高統計、世界最高精度での極高エネルギー宇宙線観測
スペクトルの減少、ニュートリノ、ガンマ線への強い上限値、質量
数の増加、弱い近傍天体との相関、陽子-空気の散乱断面積、ミュ
ーオン数の不足。
解明すべき物理

GZK機構か加速限界か、陽子の割合の精密測定、1019.7 eV 以上の
質量組成、天体との弱い相関の原因、粒子相互作用。

Pierre Auger 拡張計画 −Beyond 2015−

空気シャワー中の電磁相互作用粒子成分とミューオン粒子成分を
別々にSDで測定する。

どの計画を選ぶかは2014年末までに決定予定。

まとめ



Auger 拡張計画の位置づけと今後の展望
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極高エネルギー宇宙線の起源と性質
最も高いエネルギー領域での粒子相互作用

地上と宇宙からの全天観測
TA×4 + Auger

JEM-EUSO : 宇宙から観測手法
の確立、検出面積の飛躍的向上

検出手法のR&D

電波観測、SiPM

を使った観測、
簡素化FDアレイ

空気シャワーの精密測定
Auger Upgrade -beyond 2015-

低エネルギーへの拡張
(TALE、Auger infill + AMIGA)

5 - 10年

P. Privitera et al.,
KICP workshop, 
September, 2013

次世代の宇宙線観測実験
宇宙から100倍の検出面積
地上から10倍の検出面積+精密測定

10 - 20年


