PIERRE AUGER OBSERVATORY: THE WORLD’S LARGEST
CALORIMETER

A. K. TRIPATHI

Department of Physics and Astronomy, University of California
Los Angeles, Califronia, USA
E-mail: arun@physics.ucla.edu

The Pierre Auger Observatory is designed to observe and study a high statistics
sample of ultra high energy cosmic rays (UHECR) with energy greater than 101°
eV. The hybrid nature of the observatories, using both air-fluorescence and ground
water Cherenkov array, will enable Auger to measure the energy of the cosmic ray
showers with an improved accuracy compared to previous experiments. With a
surface area of ~ 3000 Km?, and an effective aperture of at least 7350 Km?2Sr
for each observatory, the PAO will be the world’s largest calorimeter to date, and
will be able to conclusively determine whether the cosmic ray spectrum extends
beyond the GZK cutoff. The Auger detector components, and the status of the
observatory are described in this report.

1. Introduction

Observation of Ultra high energy cosmic rays (UHECR) with energies in ex-
cess of 1020 eV poses as yet unanswered fundamental questions about their
origin, acceleration mechanism, and propagation through space. The existing
experimental data does not conclusively establish the existence or absence of
GZK cutoff. The cosmic ray flux measured by AGASA! is inconsistent with
those measured by the Fly’s Eye? and HirRes® experiments for energies greater
than 10%° eV. One possible source of this discrepancy between the two experi-
ments could be a systematic difference in their energy calibration. AGASA is
a ground array, measuring the energy of the cosmic ray showers by sampling
the charged particle density at the ground, whereas HiRes is an air fluores-
cence experiment, measuring the shower energy and longitudinal development
by detecting the nitrogen fluorescence light. The sources of systematic errors
inherent in these two techniques are entirely different. Only a large hybrid
detector can conclusive answer the question of the GZK cutoff. The large size
will provide a sufficiently high statistics within a reasonable time period, and
the hybrid technique will provides a greater degree of accuracy in the shower
energy and composition estimates.



The Pierre Auger Observatory (PAO)* is such a hybrid detector, employ-
ing both ground array and air-fluorescence techniques simultaneously. A sub-
set (~ 10%) of the events observed by the PAO would be detected both by
the ground array and the fluorescence detectors, thus allowing for important
cross-calibration of the shower energy. This information then can be used to
reconstruct the high statistics data sample obtained from the the surface detec-
tors (because of their 100% duty cycle), enabling Auger to conclusively answer
whether cosmic ray flux extends beyond the GZK cutoff.

The details of the PAO detectors, and the status of the observatory are
described below.

2. The Surface Detectors

The ground array in the PAO observatory consists of ~1600 water Cherenkov
detectors, arranged on a hexagonal grid with 1.5 Km spacing. Figure 1 shows
the layout of the southern Auger observatory, currently under construction in
Argentina. A schematic of the surface detectors is shown in Figure 2. Each
surface detector is a cylindrical plastic water tank, with 3.6 m diameter. The
interior of the tanks is lined with diffuse white laminated Tyvek layer. The
tanks are filled with purified water to a height of 1.2 m, which corresponds to
3.3 radiation lengths. As a result, electrons and photons deposit most of their
energy in the detector. Three PMTs are symmetrically mounted on the top of
the tanks, with the photocathode facing vertically down. This arrangement of
PMTs gives a uniform response to particles entering the detector at different
locations.

The PMTs used in the surface detectors are 9-inch diameter Photonis
XP1805/D1, ® custom made for Auger requirements® in order to satisfy the
requirement of good linearity over the needed large dynamic range of (~ 50-
50000) photoelectrons/25 ns at low operating gain of ~ 2 x 105. These PMTs
are not magnetically shielded in the field, but are oriented in a manner that
minimizes the effect of earth’s magnetic field® on the collection efficiency of
photoelectrons in order to achieve good energy resolution.

Each surface detector is a fully independent unit, and includes a local solar
power supply, a computer, two flash ADCs, a GPS unit, a time tagging board,
and a radio”. The PMT signals first go through a 20 MHz filter, and then

2These PMTs will be used in the production version of surface detectors, which make up
nearly all of the surface array. The 40 tank engineering array uses three different kinds
of PMTs: Hamamatsu R5912, ETL 9353KB, and Photonis XP1802/FLB. These PMTs
were already available in the market before the PMTs custom designed for Auger were
manufactured.
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Figure 1. The layout of the southern Auger observatory in Argentina. The small dots
indicate the location of the surface detectors, and the four big dots indicate the location of
the four fluorescence detectors according to the original design. After a recent review, it
was decided to move the central FD to the northern edge of the array (near the top of the
figure).

are digitized with a 40 MHz, 10 bit flash ADC (FADC). In order to achieve
the needed dynamic range, the PMT base provides two signals: one from the
anode (the low-gain channel) and the other from the last dynode, which is
amplified using an AD8011 amplifier (the high-gain channel). The two signals
are then digitized separately by two 10 bit FADCs, thus providing 15 bits of
effective dynamic range.

3. The Air Fluorescence Detectors

The Auger surface detector array will be viewed by four fluorescence detec-
tors (FD)®? located along the periphery of the array. Each FD consists of 6
telescopes, each with a 30° x 30° field of view.

A schematic of an Auger FD telescope is shown in Figure 3. Each telescope
has a mirror system to collect and focus the fluorescence light, and a pixelized
camera to detect the light emitted from different regions of the shower path.
Auger used Schmidt optics, with a spherical mirror of 3.4 m radius. The
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Figure 2. A schematic view of the Auger surface detectors.

fluorescence light emitted from a shower first passes through a UV transmitting
filter which reduces the dark sky noise by a factor of 8, while allowing most of
the nitrogen fluorescence light to pass through. A circular diaphragm of 1.7 m
diameter, centered on the center of curvature of the spherical mirror, defines
the aperture of the telescope. The shape of the camera is a section of a sphere
with a radius of 1.743 m, located concentric to the spherical mirror. The light
reaching the camera is detected by a hexagonal array of 440 PMTs (Photonis
XP3062), which provide 1.5° x 1.5° angular resolution. The details of the FD
electronics can be found in Gemmeke et al.1?.

4. Communication, DAQ and Triggering

The 1600 surface detectors are separated by 1.5 Km and are spread over dis-
tances of up to 50 Km. Similarly, the distance between any two fluorescence
detectors is also quite large. This makes it prohibitively expensive to connect
all the detectors with cables. As a result, Auger relies on radio communication
to communicate between the detectors and the central data acquisition build-
ing. A detailed description of the the radio communication network is available
elsewhere!!. The details of the Auger trigger and DAQ are also available in

references below?:12:13:14,

5. Aperture and Event Rates

Each observatory, when complete, will cover an area of ~3000 Km?, providing
an effective aperture of ~ 7350 Km?Sr for cosmic rays with zenith angle less
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Figure 3. A drawing showing the components of a fluorescence detetcor.

than 60°. If events with zenith angle greater than 60° accepted, the aperture
increases by 50%. With the inter-detector spacing of 1.5 Km, the array will be
fully efficient for cosmic rays with energy greater than 109 eV.

The fluorescence detectors can only be operated during clear, moon-less
nights.This limits their duty factor to ~ 10%. As a result, most of the data
will come from the surface detectors, since they can be operated round the
clock. Table 1 shows the expected event rates for different energies. Note that
the event rates beyond 5 x 10'? eV are estimated assuming AGASA! spectrum.

6. Calibration and Energy Resolution

The calibration of the surface detectors!® is carried out by through going
muons. The calibration of fluorescence detectors, however, must be carried out
with an absolutely calibrated light source'6. A lidar system'”'® using the laser
backscattering method will provide information about the atmospheric atten-
uation length. The energy resolution in Auger has the following components:



Table 1. Expected event rates from the southern Auger observatory.
Event rates above 5 x 1019 eV are estimated using AGASA spectrum
Energy (eV) Surface Detectors Fluorescence Detectors
(Number of Events)/Year | (Number of Events)/Year
>3 x 1018 15000 4700
> 1 x 101° 5150 515
> 2 x 1019 1590 159
> 5 x 1019 490 49
> 1x10%0 103 10
> 2 x 1018 32 3

(1) the MC error due to the uncertainty in the physics interaction models at
the energies involved, (2) In the case of surface detectors, shower-to-shower
fluctuations, and (4) In the case of fluorescence detectors, contamination from
Cherenkov light (both direct and scattered) and (5) any systematic errors in
the detector calibration.

MC studies'®2% show that the expected RMS energy resolution from surface
detectors alone is 12% averaged over all energies, assuming the primary cosmic
rays consist of equal numbers of proton and iron. The angular resolution is
better than 1.1° for all energies, falling to 0.6° for showers with energy above
102 eV. In the hybrid mode, the expected energy resolution is approximately
10% and the angular resolution is 0.5% for showers with energies above 1020
eV.

7. Status of Auger

The first Auger observatory is under construction near Malargue ( latitude
= —35.2°, longitude —69.2°) in Mendoza Province of Argentina. This site is
located at a mean altitude of approximately 1400 m above sea level. The con-
struction of an engineering array of 40 surface detectors and two fluorescence
telescopes was completed in the December of 2002. Figure 4 shows the picture
of a fully instrumented and functional tank, and Figure 5 shows the prototype
FD detectors used in the engineering run. The purpose of this array was to
test, debug and optimize all the detector components, communications, and
the data acquisition system. This array successfully ran in hybrid mode until
the end of March 2002, observing several hybrid showers. The FD telescopes
were then dismantled in order to install the production version, but the surface
detectors have been in operation continuously. At the the time of writing of
this report, the deployment of new surface and fluorescence detectors is already



Figure 4. A picture of a fully instrumented and functional surface detector in the engineer-
ing array, currently under operation in Malargue, Argentina. The solar panel, the battery
box and the communications antenna are visible.

Figure 5. Pictures of the prototype FD detector system used in the engineering run. The
aperture system and the camera can be seen on the left, and the mirror on the right.

in progress, and the southern observatory is expected to be complete by the
end of 2004.

. Summary

Pierre Auger Observatory will be the world’s largest calorimeter to date, uti-
lizing the atmosphere as a giant calorimeter. The hybrid nature of the ob-



servatory will allow Auger to measure the energy as well as composition of
the UHECR with an accuracy not possible before. This, combined with the
large aperture, will allow Auger to conclusively settle the question of the GZK
cutoff, and help solve the mystery still surrounding UHECR.
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