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Two test detectors similar to the Pierre Auger ObservatoayeWCherenkov Detectors have been installed at
the Observatory site and at the Institut de Physique Nuel@Orsay. The signals from the tanks are read out
using three 9” photomultipliers and analyzed by both a dlgiscilloscope with high sampling frequency and
the Auger surface detector electronics. Additionally,db&ectors are equipped with plastic scintillators serving
as muon telescopes. The trigger is provided either by thenntelescope or by the coincidence of the three
PMTs. The scintillators are movable allowing the study efdletector response to atmospheric muons arriving
with different incident angles. In this paper, the resuftmeasurements for vertical and inclined background
muons are presented. These results are compared to sonslaind important calibration parameters are
extracted. The influence of the direct light detected by i@ ®, particularly important for inclined showers,
is discussed.

1. Introduction

The Pierre Auger Observatory Surface array samples thesstpasticles at the ground level by Water Cherenkov
Detectors (WCDs) having a 1.5 km spacing between each otftec@vering an area of 3000 Knfil]. The
shower particles at the ground level are mainly gammastrelez and muons with mean energies below 10
MeV for gammas and electrons and about 1 GeV for muons. Whpimging the WCD, electrons and muons
emit Cherenkov radiation which is propagated in the purifieder and uniformly reflected by the Ty

liner. The gamma rays are converted by Compton scatteridgpair production into relativistic electrons
emitting similarly Cherenkov radiation. This Cherenkahii is detected by three 9” XP1805 Photonis photo-
multiplier tubes (PMTSs) viewing the WCD from the top. The PM3re equipped with a resistive base having
two outputs: anode and amplified last dynode. This allowsgeldynamic range, total of 15 bits, extending
from a few to aboutl0> photoelectrons. The high voltage is provided locally by atem made ETL low
power consumption module. The nominal operating gain oPid's is 2<10°. The signals from anode and
dynode are filtered with a 5 pole anti-aliasing filter with & off at 20 MHz, and digitized at 40 MHz using 10
bit Flash Analog-to-Digital Converters (FADC) [2].

The WCD response to single muons is an important featureeoBthiface Detector array (SD array). Several
test detectors to study this response have been instaledcrrent paper reports on recent results obtained by
the IPN-Orsay (IPNO) test detector at the Institut de Physsijucléaire - Orsay (France) and a test detector
called CAPISA at the Pierre Auger Observatory Campus (Mélar- Argentine). Both test detectors are
Water Cherenkov Detectors with the same design and sindlaipment used for the Auger Surface Array.
In addition, they are equipped with two movable scintiltatane above and the other under the water tank
allowing to trigger on passing muons. The CAPISA detecteqigipped with the Pierre Auger SD electronics
while a digital oscilloscope with high sampling frequengy&Hz) is used for the IPNO data acquisition. The
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Figure 1. The muon charge histogram triggered by the scintillatordtfe Q, £, and by the coincidence of the 3 PMTs
for the 2% . In the left for the sum of the 3 PMTs, and in the right for a &rigMT.

trigger for both test setups is provided either by a coinuidebetween the two scintillators or by a three fold

coincidence between the three PMTs. For both test detemtoabsolute calibration was performed by using

the single photoelectron response. The results of the measmts are compared to simulations performed by
GEANT4.

2. Responseto Vertical Muons

In the WCD, the electrons and gammas are completely cormrestide vertical muons deposit approximately

240 MeV of energy. For the detector calibration, the chogsghis the total charge deposited by the vertical
muons crossing the center of the tank (VEM) [3]. In the calilan process the determination of the VEM unit

is done by using background muons acquired in the 3-foldaddémce between the PMTs, which produce a
peak in the charge histogram@igﬁ{). The conversion between the“vigﬁ{ and the charge corresponding to

vertical muons @ g, triggered with the muon telescope, is crucial.

The number of detected photoelectrons (pe) depends onas@aameters: water quality and transparency,
liner diffusion coefficient, PMT response, optical coupliof the PMTSs to the liner window, etc. The mean
value obtained for the SD array PMTs is about 90 pe with RMShafua 20 pe corresponding to the charge
deposited by muons in 3-fold coincidenceﬁ’fg,w). The measured photoelectron value for the IPNO detector
is about 70 while for CAPISA it is about 95. The IPNO test taak k slightly poorer water quality which can
explain the difference. Although the number of photoelmtsrmeasured for the IPNO detector is relatively
low, the detector still is representative of the Auger WCDise decay time of the muon average pulse shape is
about 50 ns for the IPNO detector and about 64 ns for CAPISAiCH values for Auger WCDs varie from 60

to 80 ns. The decay times of the CAPISA and IPNO test detectwrespond to decay lengths of about 25 m
and 17 m, respectively. The ratio between the total charge*tQand the maximum amplitude value{¥*)

of the muon signals is directly proportional to the signataletime and is therefore a useful parameter for the
detector quality monitoring [4]. This ratio is about 3.5 fbe SD array detectors. For the CAPISA and IPNO
test detectors the value is about 3.4 and 2.8, respectively.

An important parameter entering directly into the calitmais the difference between the detector response to
vertical muons (@ zas) and to the muons triggered by a coincidence between the P)ETs ((jfgﬁ{) and
thus entering the tank from arbitrary directions. In figuted histograms of the total charge for the £, and

the @fg’j\,{ are plotted for the sum of the 3 PMTs in the left and for a sif )T in the right for the CAPISA
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Table 1. Comparison between experimental data and GEANT4 simulgtio
[ | Experiment| Simulation ||

IPNO QVE]W/IVE]W 2.8 2.8
CAPISA Qv em/lv B 3.4 35
IPNO Qe Nbeah 2.6 2.6
CAPISA Q) ah 1155 | 35 3.2
IPNO Q% /Qv s 1.09 1.08
CAPISA Q2% IQven 1.09 1.08
IPNO Qv g photoelectrons 70 40
CAPISA Qy g photoelectrong 95 60

detector. The Qg’jw is systematically~ 9% higher than the vertical muon responsegQ, for the sum of the

3 PMTs. Similarly, the individual PMT response to muons-i$%, lower than the sum of the three PMTs.
This simply reflects the fact that the sensitivity to crogsimuons impinging on the tank in different position
is greater with the three PMTSs than with only one which caly apllect a portion of the total Cherenkov light
deposited.

Simulations were performed by using the GEANT4 package. @n¢um efficiency of about 25 percent maxi-
mum and a collection efficiency of 60% are used for the PMT® ddcay length of the muon signal is adjusted
to the experimental decay time of the average pulse shap&eartto account the detector water quality. Table
1 summarizes the different results. The ratios obtaineddst the @ £, and cgg’;[ are well reproduced by
the simulations. However, the number of photoelectronaiobt by the simulation is smaller than the number
measured experimentally. This can be due to several efactsas the quantum efficiency and the collection
efficiency of the PMTs and the optical coupling of the PMTde liner window. Further measurements of the

PMT response have been undertaken to understand the difeeyé the photoelectron yield.

3. Responsetoinclined muons

The Pierre Auger Surface Detector is capable of detectiog/shparticles also from very inclined showers.
This is an important feature increasing the geometricaftape and yielding sensitivity to detect neutrino
induced showers [5]. In the case of inclined muons the prtihathat the PMTs detect direct Cherenkov
light increases. Furthermore, the photocathode efficieacybe different as a function of arrival angle of
the induced light. The response of the WCD to inclined muansetbeen studied at the IPNO test detector.
Two scintillators were placed on the side of the tank trigggon muons arriving with different angles and
with different vertical positions into the water tank. Maasments were performed for different angles varying
from 20° to 70° zenith angles. The charge deposited by the muons was dalddita each PMTs and the muon
track length was estimated from the position of the scattits. In the case of direct light, the measured charge
versus track length would deviate from linear correlatigigure 2 shows the results of the measurements.

As a function of the increasing zenith angle large diffeenare observed between the PMTs. The PMT
close to the arrival direction will collect more light thamose further away. Individual PMTs will therefore
significantly deviate from the linear behavior charge verswon track length. However, the sum of the charge
measured by the 3 PMTSs has a linear behavior up o 80nilar results has been obtained by using a prototype
detector placed at Tandar Laboratory in Buenos Aires [6].ifkdined showers it is therefore crucial to sum
the light measured by all 3 PMTs to ensure a correct respditbe aetector. At 70 a clear deviation of the
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Figure 2. The points show for 5 different angles 285°, 45°, 56° and 70) the charge measured in the 3 PMTSs (triangle
up, square, circle) as well as the total charge on the sumedPMTSs (triangle down), with respect to the track length in
the tank. All quantities are normalize to the VEM correspongdralues for comparison.

linear behaviour is observed also for the sum of the three £MTis can indicate the presence of direct light
yielding a different response of the PMTs and the associlgmdronics. Further measurements at even larges
zenith angles are currently being performed.

4. Conclusions

The response of the Pierre Auger Observatory Water Chevelétectors to muons has been studied by using
test detectors installed at the Observatory site and atigtéut de Physique Nucléaire d’'Orsay. The results
obtained on the charge deposited by vertical muons and lmyd3ebincident muons are in agreement with
detector simulations performed by GEANT4. It is shown tmathie case of inclined showers the detector
response is linear up to 6@ the sum of the three PMTs is used. At angles larger thand@@ct light induces

a deviation from the linear response that needs to be takeragtount in the reconstruction of horizontal
showers. Further measurements and simulations are ingeg®ty model the detector response at large angles.
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