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3 The Pierre Auger Observatory

3.1 Overview

The  Pierre  Auger  Observatory  [72, 73]  has  been  built  in  the  province  of 

Mendoza,  Argentina,  to  study  cosmic  rays  in  the  ultra-high  energy  regime 

(1018 eV  and above).  The  observatory,  designed  and  built  by  an  international 

collaboration of more than 450 scientists from 18 countries, was completed in 

December 2008. The Auger Surface Detector (SD) [74] consists of 1600 particle 

detectors  and covers  an area  of  3000 km2 on a  hexagonal  grid  with  1500 m 

spacing.  The  atmosphere  above  this  area  is  being  monitored  by  the  Auger 

Fluorescence  Detector  (FD)  [72, 75],  an  optical  detector  consisting  of  24 

fluorescence telescopes. These telescopes are housed in four buildings located at 

the perimeter of the SD array (each building contains six telescopes). An overview 

of the layout of the Pierre Auger Observatory is given in Figure 3.1.

The hybrid design of the observatory (i.e. surface and fluorescence detector) 

allows  cosmic  rays  to  be  simultaneously  detected  with  two  complementary 

detection techniques. This improves the accuracy with which the properties of air 

showers  can  be  measured  [76].  It  also  allows  for  cross-calibration  and  a 

reduction  of  systematic  effects  that  may  be  associated  with  each  detection 

technique [77, 78].

In  the  following  sections,  the  SD  and  FD  components  of  the  Pierre  Auger 

Observatory will be discussed briefly. It is by no means a complete description; 

for a more detailed description one should consult the referenced material.

3.2 The Surface Detector

As already mentioned, the Auger Surface Detector (SD) [74, 79] consists of a 

grid of 1600 particle detectors, also known as Surface Detector stations. Each SD 

station is in fact a large polyethylene tank (height 1.5 m; diameter 3.6 m) which 

is  filled with  purified  water.  When charged particles  in  an air  shower  (mostly 
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muons, electrons and positrons; see Section 2.3) reach the surface of the Earth, 

they may pass through one or more SD stations. Cherenkov light is produced if 

the speed of these particles is larger than the speed of light in water (cn = c/n = 

c/1.33). With the help of a reflective liner this light may then be collected by 

three nine-inch photo-multiplier tubes (PMTs). The signals from these PMTs are 

digitized by an analog-to-digital converter, after which they are analysed by the 

front-end triggering system. If the PMT signals meet certain criteria (threshold or 

time-over-threshold; see [80]), a “triggered event” is created.

To obtain timing information on triggered events, each water tank is equipped 

with a GPS receiver, allowing for a temporal precision of 8 ns. Furthermore, each 
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Figure 3.1: Overview of the Pierre Auger Observatory near Malargüe. Dots indicate 
the design positions of Surface Detector stations; the shaded areas indicate 
stations actually placed. The four Fluorescence Detector sites are Leones, 

Coihueco, Loma Amarilla and Morados.
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station  is  equipped  with  solar  panels,  batteries  and  a  radio  communication 

system.  The  main  components  of  a  Surface  Detector  station  are  indicated  in 

Figure 3.2.

Triggered events may be a measurement of an extensive air shower, but may 

also  be “random”,  i.e.  a  measurement  that  can not be associated with an air 

shower.  An example  of  a  random event  is  when  two  muons  from the muon 

background pass through the detector at nearly the same time.

In order to distinguish between air-shower measurements and random events, 

a  coincidence-based triggering  system has  been implemented.  Using  wireless 

communication, tanks transmit the timestamps of triggered events to the Central 

Data-Acquisition System (CDAS), where the next level of the hierarchical trigger 

system [80, 81]  is  implemented.  The computers  of  CDAS will  then search for 

time-  and  space-correlations  between  events  from  all  Auger  SD  stations. 

Whenever a cluster of stations with a certain minimal size is found, a possible air 

shower is identified and the full PMT data is transmitted and stored.
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Figure 3.2: A Surface Detector station in the field
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3.3 The Fluorescence Detector

The Auger Fluorescence Detector (FD) measures the faint ultra-violet (UV) light 

that is emitted when an air shower passes through the atmosphere. This UV light 

is a result of a fluorescence reaction in which the charged particles in the air 

shower interact with the nitrogen molecules in the atmosphere.

The amount of fluorescence light produced by an air shower is proportional to 

the number of particles in the shower, which in turn is proportional to the energy 

of the primary cosmic ray (Section 2.2). The Fluorescence Detector is therefore 

able  to  determine  the  energy  of  the  primary  cosmic  ray  with  good  (“near-

calorimetric”)  precision.  Furthermore,  the  Fluorescence  Detector  can  measure 

X max , the depth in the atmosphere at which the number of particles, and thus 

the amount of UV light, is maximum.  X max  is proportional to the logarithm of 

the energy  of  the primary  cosmic  ray,  but  also  depends  on the mass of  the 

primary cosmic-ray particle (Section 2.4).
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Figure 3.3: Aerial view of Loma Amarilla, one of the four FD buildings at the Pierre 
Auger Observatory. The smaller building on the left houses a LIDAR system.
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The Auger FD consists  of  four buildings that have been constructed at the 

perimeter  of  the  observatory,  each  of  them  housing  six  FD  telescopes.  A 

photograph of one of these FD buildings, Loma Amarilla, is shown in Figure 3.3. 

Since each telescope covers a 30º range both in azimuth and elevation, the field 

of view of one FD building is 180º in azimuth and 30º in elevation. (See also 

Figure 3.1 on p. 30.)

Figure  3.4 shows  a  schematic  representation  of  a  Fluorescence  Detector 

telescope.  Ultra-violet  light  from  air  showers  can  pass  through  the  UV-

transparent  filter  at  the aperture.  Next,  a  mirror  is  focusing  the light  onto  a 

camera of 20 × 22 PMTs. By digitizing the signals from the PMTs, a digital image 

of 440 pixels is created, which is subsequently used for triggering. Fluorescent 

light is emitted while an air shower travels down the atmosphere; therefore the 

FD trigger searches the digital image for bright pixels in a straight line.

As the atmosphere above the array forms an integral part of the Fluorescence 

Detector, monitoring it is an important aspect of the observatory's operation. The 
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Figure 3.4: Schematic view of a Fluorescence Detector telescope. From left to 
right: the aperture system, the PMT camera and the spherical mirror. From [75].
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attenuation of the fluorescence light due to aerosols in the air, like small pieces 

of dust or ash, is being monitored carefully. The cloud conditions are also being 

recorded, using dedicated cloud cameras that regularly take photographs. The 

distance of the clouds can be are measured with the LIDAR (Light Detection and 

Ranging) system [82] which is present at each FD site. Further monitoring of the 

atmospheric  conditions  is  done  by  regular  balloon  launches  (measuring 

temperature and pressure gradients) and by measuring the attenuation of light in 

the atmosphere (the amount of light scattered from a calibrated laser beam is 

measured).

While the fluorescence technique is a good way to determine the energy of an 

air shower, it is not very good in measuring its direction. A single FD telescope 

records a two-dimensional  image of  a three-dimensional  track.  Therefore  the 

track reconstruction is ambiguous if  an event is detected by only a single FD 

telescope. The track reconstruction of stereo events, which are measured by two 

or more FD telescopes, is obviously much more precise. Another improvement in 

accuracy is provided by the hybrid trigger. When one of the FD telescopes has 

detected  a  candidate  air  shower,  the  Surface  Detector  is  queried  for  any 

coincident data. Under these circumstances the data from any water tank that 

may be related to the FD data is saved, even if the SD data by itself would not 

have  passed  the  “SD-only”  trigger  condition  discussed  in  Section 3.2.  This 

additional  SD data to an FD event is very helpful  in the reconstruction of the 

event, especially regarding the geometry.

Another  disadvantage  of  the  fluorescence  technique  is  that  it  cannot  be 

performed 100 % of the time. The ultra-violet light that one needs to detect is 

very faint, and therefore detection is only possible during the night outside the 

twilight zone. As the telescope is very sensitive to light, it needs to be closed 

whenever the moon is inside its field of view. Furthermore, FD operations are 

limited by clouds, rain and strong winds, as well as aerosols such as smoke (i.e. 

ashes). The average duty cycle of the Auger FD is about 12 % [83].

3.4 An example hybrid event

Hybrid events are measurements of air showers that have been recorded with 

the  Surface  Detector  in  combination  with  at  least  one  measurement  by  a 
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fluorescence telescope. A small number of hybrid events have been recorded by 

all four sites of the Fluorescence Detector. As an example, one of these events is 

shown in Figure 3.5. The white dots indicate the SD stations; the four sites of the 

FD are indicated in blue, green, red and magenta.

In Figure 3.5, the red lines indicate the reconstructed track of the shower axis. 

The coloured lines between the shower axis and the four FD sites indicate the 

time  of  measurement,  i.e.  the  progression  of  the  shower  front  towards  the 

surface. The earliest FD measurements are indicated in violet (when the shower 

front is still  high in the atmosphere); the last FD measurement is indicated in 

yellow (when the shower front is near the surface).

The SD stations that have recorded the event are shown in yellow, orange and 

red. The shower front is perpendicular to the shower axis and can be imagined as 

a  pancake  with  a  radius  of  several  kilometres.  Due  to  the  inclination  of  the 

shower, the shower front first reached the SD stations indicated in yellow; the SD 

stations indicated in red are reached last.
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Figure 3.5: An example of a cosmic ray event. On March 15 2008, this event was 
seen by 14 SD stations and all four FD sites. The energy was determined to be 

19.9 ± 0.8 EeV.
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3.5 Prototypes for a Radio Detector

3.5.1 Motivation

In order to obtain high-quality cosmic-ray data, the Pierre Auger Observatory 

has been designed as a hybrid detector, combining SD and FD data. Due to the 

complementary  nature  of  SD and FD data,  the accuracy  of  hybrid  air-shower 

measurements  is  better  than  that  of  measurements  by  SD  or  FD  alone  [76]. 

Because  the  uptime  of  the Fluorescence  Detector  is  about  12 %,  most  of  the 

cosmic rays will only be measured with the Surface Detector, which has a duty 

cycle of about 99 %. Radio measurements however can be performed during day 

and night, and are not affected by clouds etc. as is the case for the FD. With the 

possible exception of  relatively short  periods of  thunderstorm conditions (see 

Section 7.6.1), radio measurements can have a duty cycle of nearly 100 %.

It would be advantageous for the Pierre Auger Observatory if air showers could 

be measured with more than one instrument, i.e. hybrid measurements, at a high 

duty cycle (near 100 %). Therefore, we investigate the feasibility of setting up an 

additional Radio Detector (RD) at the Pierre Auger Observatory. Especially for the 

periods  during  which  the FD is  not  operating,  the  radio  data  should  help  in 

improving the quality of measured data.

A grid of Radio Detector stations (RDS) could be sensitive to the following air-

shower parameters:

■ arrival direction of the cosmic ray;

■ energy of the primary cosmic-ray particle;

■ identity (mass) of the primary cosmic-ray particle.

The arrival direction of the cosmic ray is probably the parameter that can most 

precisely be measured with the Radio Detector. Given a grid of RD stations, the 

direction can be reconstructed from the relative timing of the individual stations 

that  have  registered  the  event.  This  process  is  very  similar  to  the  direction 

reconstruction that is used in the Auger SD. The capability of the radio-detection 

technique to measure the arrival direction of cosmic-ray induced air showers was 

demonstrated by Falcke et al. [84].

36



 3   The Pierre Auger Observatory

The sensitivity of the RD to the energy is intuitive: primary cosmic rays with a 

higher energy create air  showers with more particles in it,  and more particles 

(coherently) emitting radiation will result in a stronger radio signal. The strength 

of this signal, i.e. the electric field strength, is believed to scale linearly with the 

primary  energy  [85, 49, 86],  whereas  the power  of  the signal  scales  with  the 

square of that (P ∝ V2).

The third  property,  mass  composition,  is  a  property  of  the air  shower  for 

which the sensitivity in radio still needs to be experimentally demonstrated. In 

principle, the shape of the radio signal is influenced by  X max , the penetration 

depth in the atmosphere at which the number of particles in the shower reached 

its  maximum.  Measurements  of  X max  are  used  to  determine  the  mass 

composition  of  the  cosmic-ray  spectrum  by  the  FD  (Section 3.3).  Simulation 

results of the sensitivity of the radio technique to X max  are discussed in [86].

3.5.2 A first-generation radio setup

A first-generation radio setup was used from April 2007 until  May 2008 for 

the detection of radio signals from cosmic-ray induced air showers. This setup is 

schematically represented in Figure 3.6. The details of this setup are discussed in 

Chapter 4; here we only discuss the detection principle.

The  particles  of  an  air  shower  that  reach  the  surface  of  the  Earth  can  be 

detected  using scintillator  plates.  When placing two scintillators  on the same 

level some distance apart, and requiring a simultaneous signal from both plates, 

an air shower can be identified. The coincidence unit prevents the system from 

triggering  when  only  one  plate  has  a  signal,  which  could  happen,  amongst 

others, due to natural radioactivity. This method is very similar to the work done 

by Pierre Auger in the 1930s; see Section 1.2.

Whenever the coincidence unit produces a trigger, the signal from the radio 

antennas is digitized by the digitizers. Using a precision GPS-timing module, the 

time of the event is recorded. After this, both the event and its timestamp are 

saved to disk.

In a second stage, during “off-line” analysis, the lists of events recorded by the 

radio setup and by the Auger SD are compared. We require the SD events to be in 
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the vicinity of the radio setup; a second requirement is that the time difference 

between the SD and radio  events  is  less  than a certain  maximum value.  The 

details of this procedure are described in Chapter 5.

This first-generation setup used three antennas to measure the radio signal. 

Each antenna measured the electric field in both the north-south and east-west 

polarisations. The measured signals were sent to a central data acquisition (DAQ) 

location through a coaxial cable. The setup was powered by AC electricity.

An example of an event with a clear air-shower-induced radio signal is shown 

in Figure 3.7.

3.5.3 MAXIMA: a second-generation radio setup

MAXIMA is an acronym for Multi-Antenna eXperiment In Malargüe Argentina. It 

is an evolution of the first-generation radio setup and was installed in June 2008. 

After  that  date,  the  hardware  of  MAXIMA was  changed  on  several  occasions, 
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Figure 3.6: Simple schematic overview of the first-generation radio setup



 3   The Pierre Auger Observatory

addressing various issues with the setup. From May 2010 onwards, the MAXIMA 

setup is collecting good physics data.

There are several differences between MAXIMA and its predecessor. While the 

first-generation  radio  setup  used  antennas  which  were  connected  with  long 

cables to a central DAQ location, MAXIMA consists of a network of autonomous 

stations. Each station has a digitizer, a small PC, solar panels and batteries. An 

overview of the components of a station is shown in Figure 8.2 on p. 128.

The stations  communicate  through a  TCP/IP  network  with  the central  DAQ 

computer. Initially a WiFi wireless network was used, which was later replaced by 

a network of optical fibres. The central DAQ computer implements a coincidence 

trigger, and furthermore is used for data storage, run control and monitoring. 

The MAXIMA radio setup is discussed in more detail in Chapter 8.

3.5.4 AERA: the Auger engineering radio array

The  Auger  engineering  radio  array  (AERA)  is  currently  under  construction. 

AERA is  a  common effort  of  research  groups  from France,  Germany  and the 

Netherlands.  When  completed,  AERA  will  consist  of  160 antennas  and  cover 
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Figure 3.7: The “golden event”: the first coincident event from the first-
generation radio setup with a clear air-shower-induced radio signal. An obvious 
signal can be seen in both polarisations (north-south and east-west) of all three 

antennas.
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20 km2. Because AERA will have more antennas and cover a larger area than any 

of its predecessors, it is expected to provide more and better data.

More information about AERA can be found in the AERA construction proposal 

[87] or in conference proceedings [88, 89].
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