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Abstract: The AMIGA enhancement of the Auger Surface Detector comsia 23.5 kr infilled area where

the shower particles are sampled by water Cherenkov desemtcompanied by 30 fof scintillator counters,
buried 2.3 m underground. The accuracy of the muon counbrejmed by the buried detectors is a basic element
in the reconstruction procedure, and must be determinetd) &siperimental air shower data. To perform this
measurement, twin muon counters (30+3%) imave been deployed in two infill locations; their mutuatalise
being about 10 m, they sample nearly the same region of thghairer. In this paper we discuss the basic
properties of the modules as measured during the construaiiase and the expected counting performances of
the twin counters installed at the experimental site.

Keywords: Pierre Auger Observatory, AMIGA, ultra-high energy cosmaig, muon detectors

1 Introduction

AMIGA (Auger Muons and Infill for the Ground Ar- Yeka Toune
ray) [1] is an enhancement of the Pierre Auger Observa- ]ﬂ =
tory designed to lower the energy threshold of the Auger
surface detector array by one order of magnitude, down to

~ 10'7 eV, i.e. the energy region where the transition from - L =
the galactic to the extragalactic component of the cosmic e e~ | e ® I
radiation is expected to take place. A detailed study of the = = =

features of the energy spectrum and of the mass composi-
tion of cosmic rays in that energy range is mandatory to

discriminate among the different models proposed to de- Corrientes Helsenberg
scribe that transition(([2] |3] [4]) and advance in the urder H[:'. [u:

standing of the origin of cosmic rays.

AMIGA consists of an “infill” of a portion of the Auger
surface detector (SD) array, where the spacing between t ) :
detectors is reduced to 750 m (half of the spacing in the rem:aI gure 1. Planned Iayout. Of. a Unitary Cell of muon deteg-
ular Auger array). Each infill SD station is accompanied by ors (in yeIIow)_r_1ear the infill surface deteptors (green cir
nearby buried muon counters to measure the muonic corff€S)- The additional muon counters making up the twins
ponent of air showers, and to obtain information about théVith the Phil Collins and Kathy Turner surface detectors
mass of the primary particle. While the infill surface detec-2re shown in orange. For information about the status of
tors are already deployed and taking daia [5], an Engineethe deployment seel[6].
ing Array of muon counters is being developed, consisting
of a hexagon of six 30 Mmodules plus one at the center
(the “Unitary Cell”, UC) [6]. mances of the twin counters installed at the experimental

The main goal of the muon Unitary Cell is the validation site will be discussed.
of the detector design and the complete understanding and
optimization of the AMIGA muon counting performances. .

To evaluate the counting accuracy two complete moduleg Amiga muon detectors

are installed in &win configuration in the Unitary Cell (see Every muon counter of the Unitary Cell consists of four
Fig.[D). The measurement will be performed by comparingnodules with a total active area of 3¢?rsplit into two

the counts of two “doublets” of two 30 fmodules located 10 n? and two 5 nd units. Each module is composed of 64
at a short distancex(10 m) negligible with respect to the plastic scintillator strips 400 cm long (200 cm for the 8 m
dimension of the shower at ground (of the order of 1 km atones), 4.1 cm wide and 1.0 cm high, lodged in a waterproof
the energies of interest). PVC casing.

The first of the two twin counters is fully operational  The scintillator strips are made of extruded polystyrene
since March 18, 2013. In the following sections the basicdoped with fluors (PPO and PPOP), co-extruded with a dif-
properties of the muon detectors as measured during thfeisive titanium dioxide coating. Due to the short light at-
construction of six modules in the mechanical workshoptenuation length of the scintillator a wavelength shiftpr o
of INFN-Torino (Italy) and the expected counting perfor-tical fiber (1.2 mm diameter), hosted in a groove in the mid-
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dle of the strip, collects the scintillation photons. Thiasc
tillator strips are organized into two groups of 32 at each
side of a central dome, where a multi-pixel photomultiplier
(Hamamatsu H8004-200MOD) and the module electronic:
are placed. The 64 fibers from the two sides of the modul¢ 400
are optically connected to the PMT. The readout electror
ics produces a digital output counting the pulses above
given threshold. The signal from each pixel is filtered and
amplified at a nominal gain of -3.8, then discriminated, dig-
itized with a sampling frequency of 320 MHz and stored
in a circular memory. The discrimination level can be ad-
justed for each one of the 64 channels, and its default leve 600
is set to one third of the mean single photoelectron ampli

tude per pixel. When a trigger signal from the adjacent sur 400
face station is received, the digitized traces are transmi

ted to the central acquisition system. This method, beside 200 i e e
strongly reducing the information to be sent to the Auger d [mm]
central data acquisition, is essentially independent ef th

PMT gain and its fluctuations and of the muon hitting po- ) )

sition along the scintillator strip. The optimal depth foet ~ Figure2: Results of the scan with a radioactfSr source
muon detectors has been studied by means of numericfer one 10 ni module. The maximum of the signal from
simulations. With a shielding layer of 540 g/érof soil  each scintillator strip is shown as a function of the distanc
(~2.3 m) the fraction of counts generated by the electrofrom the PMT (along the fiber).

magnetic component of the shower, is lower than 5%, with

an energy threshold for incoming muonsef GeV.
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3 Characterization of the muon modules E 1600—"F Mean 8464 ’
During the construction phase the response of each mo € C o RMS 4555
ule has been tested using both atmospheric muonsanda ~ 400[" | >
dioactive source, using a setup similar to the one describe C
in [7]. In fact a complete calibration of each scintillator 1200 g 4N
strip with a cosmic-ray hodoscope needs about 12 hour CT x
of exposure, requiring the implementation of a reliable anc 1000 %~ .
fast calibration system for the module production. 800 TR
After the assembly, the detectors have been exposed - : o £
a 0.84 mCPSr B radioactive source, placed at a distance 600 o AA“ V52

of about 10 cm above the module. The X-Y position of the r
source was controlled by a robotic arm. A readout boarc 2005
multiplexes the signals from each pixel of the PMT to a C o P
charge amplifier and a dedicated data acquisition syster 5,4
The 64 channels are read out within 100 ms, allowing C
continuous monitoring of all the scintillator strips. : é * iiﬂ * iéi * ié* * 1110* * 1112* * 1114* * 1116* * 1118* “5o
The source is moved along the direction perpendicula
to the strip length at a fixed distance from module me: pPCu

dian. The signal of each pixel increases as the source is ap-

proaching the strip, reaches a maximum value when it igsjqre 3: Normalization of the signal measured with the ra-
in the center and then decreases. The resulting time prom&ioactive source to the average charge collected per muon

IS f'tt.ed with a Gau§S|an func“tlon to get the he'?“‘ Of. thecrossing the detector vertically, measured on the modules
maximum. Performing such “transversal scans” at differs" """ )
uilt in Torino (four 5 n¥ modules and two 10 frones la-

ent distances to the PMT the light attenuation profile carP ) .
be derived (see Figl 2). beled as M5 and M10 respectively). The histogram of the

The response of the AMIGA modules to through-going'atios between all those measurements is shown in the top
muons has been studied using two small detectors consi¢eft corner. The width of this histogram gives the uncer-
ing of a piece of scintillator (4x10 cfy and a photomul- tainty in the normalization value.
tiplier, placed above and below a given strip. The coinci-
dence of the two small scintillators generates a trigger for
the FADC (1 GHz sampling rate, 10 bits) reading the PMTferent distances from the PMT (computed along the opti-
signals from the module. An acquisition time of about onecal fiber) have been performed, allowing one to normalize
day allows a good measurement of the charge spectrum d¢fie results obtained with the radioactive source to the mean
the acquired signal. To increase the statistics largegerig collected charge when a muon crosses the detector verti-
scintillators (10x80 crf) were also used, allowing more cally. Fig.[3 shows the ratio between these two quantities,
strips to be measured at the same time. In this case a huggken on the same scintillator strip and at the same distance
background peak appears in the charge spectrum. Abo@itom the PMT.

100 measurements on different modules, strips and at dif- Finally the number of photoelectrons. p.e.) produced
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Figure4: Left: Number of photoelectrons per muon crossing the detectdica#ly for the 64 strips of one module,
obtained from the measurements with the radioactive soRight: Number of photoelectrons produced by vertically
crossing muons, at different distances from the PMT, Eacdhtpepresents the average of the 64 strips of the module,
error-bars correspond to the RMS of their distribution.

at the PMT photocathode by a through-going muon can babove. To match the conditions of the readout electronics

derived as: of the muon module, such traces are convolved with a dig-
ital low-pass filter with a cutoff frequency of 140 MHz
n.p.e = Qu _ Vscan 1 (while the bandwidth of the digitizer used in the laboratory
Gpixel'®€ R Gpixel- € is 500 MHz) and down-sampled to 320 MHz with a simple

_ _ ) decimation algorithm. Each time bin of the resulting trace
whereeis the elementary charg€pixe is the gain of the 5 giscriminated at a threshold corresponding to 33% of the
specific pixel of the PMTVscanis the signal generated by pgi0electron amplitude, producing a digital data stream
the rad|0a9t|ve source rgad_ out through the charge aMPimilar to the one expected from the real detectors.
fier, andR is the normalization factor (given by the ratio Using this simple simulation, the detection efficiency
shown in Fig[B). The gain of each PMT pixel has beenfor different counting strategies and discrimination gire

measured using the single photoelectron technique, Withyy'can e estimated. Fig. 5 shows the ratio between the
an uncertainty of about 7%. In Figl 4 we show the reSUItnumber of counts obtained with two different counting al-

of the conversion of the measurements with the radioac-orithms and the total number of iniected muons. as a func-
tive source to the number of photoelectrons, according to: J '

the formula above. The uncertainty in the measurede ion of the distance from the particle position to the module
is about 12%, and has been derived from the combination
of the uncertainties in the peak voltage obtained with the
source (about 2%), in the normalization factor ( 8%), and

the quoted uncertainty in the pixel gain. —— mu_only Ix1
= - —e— mu_only 11
. i B 1'2; —&— mu + secondaries 1x1
4 Simulation of the detector response PP —o— mu + secondaries 11
The laboratory measurements and results described above = E
have been used to simulate the detector counting perfor- £ 1
mances (similarly td [8]). The energy deposited byamuon 2
in the buried scintillator strip is simulated by means of ~ © %9~
Geant4 ([9]), and then converted to a number of photoelec- o0.8F
trons generated in the PMT given by: F
E 0.7F
dep F
N.P.€sim = % Np.e/p(d) -
E#ep> p.e/u 0.6E
0.5F
beingEyepthe deposited energy, Ec‘jep > the average en- .
ergy deposit of a vertically crossing muon (obtained by *4=455" 555 1555 506 5566 3000 3500 4060 4500
simulation), and\,, ¢/, (d) the measured average number d [mm]

of photoelectrons per vertically crossing muon (Fiyy. 4).

To reproduce the measured distribution a Poissonian fluc-. ) . :
tuation is applied to the photoelectron number obtaineq; |gurteh5. Rat('jo Ibetyveeln t_the nu(;n::)her tOft clountsbobtalfn_e d
with the quoted formula. Given the total number of photo-' 0™ the moduie simuiation and the total hnumboer of In-
electrons, a corresponding signal shape is extracted froAfcted muons as function of the distance from the particle
a sample of traces (organized in binsrop.e.) obtained ~ Position to the PMT. Vertical muons of 5 GeV have been

from the measurements with atmospheric muons describegPnsidered in the simulation (see text).
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center. Two different counting strategies have been used,
one requiring two adjacent positive samples (labeled as
11), the other one requiring two positive samples spaced
by one positive or negative bin (labeledladl). The results

are shown first taking into account only the muons that
hit the detector and then considering also the hits of sec-
ondary electrons generated in the propagation of muons in
the ground. The overall ratio is about 93% for ttfecount-

ing strategy and 82% for thix1 strategy considering only
muon hits, rising to 98% and 88% respectively when the
hits of secondary particles are included.
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5 The muon counting accuracy k‘/‘ ’

The muon modules have been doubled at two positions of
the UC (as shown in Fid.l 1) to directly measure the accu- .
racy in the muon counting. Such accuracy must be deter- Noounts in Counter A

mined experimentally using real events measured by the

detector. In fact, shower fluctuations are extremely diffi-Figure6: Comparison of the counts registered by the two
cult to simulate, due to the large number of particles inmuon counters at thgathy Turnerposition after the appli-
the cascades>(10™) and the uncertainties in the num- cation of thelx1counting strategy, for the first two months
bers of muons, electrons and gamma-rays, which depengt yata taking (18 March - 18 May 2013). The color code

on the hadron interactions and on the primary particle YP&nd the dot size are proportional to the number of events in
Moreover, the measurements in the field include environ-

mental and instrumental effects (e.g. background from soi?aCh bin.
radioactivity and residual punch-through particles, PMT
gain fluctuations and other noise effects) which are diffig  Conclusions

cult to be correctly estimated in the simulation. ) ,

Since the shower footprint is of the order of several!"€ AMIGA muon Unitary Cell, being deployed at the
square kilometers, these modules (separated by 10 m, ggp_erlmental site, will allow us to vallo_late of the deteptor
described above) are virtually measuring the same regiof€Sign and performances. The counting accuracy will be
of the shower. The muon counting accuracy will be derivedstudied by a couple of twin muon counters buried near the
from the comparison of the counts in two adjacent counter§@Me SD station. The first twin has been taking data since
In particular the relative fluctuation in the muon numberMarch 2013.

1 10 10%

can be defined as: The muon module response has been carefully studied
during the construction phase, and the results for the mod-

A=+/2. M1-—M2 ules built at INFN-Torino have been reported. In particu-

M1+M2 lar the average number of photoelectrons in the PMT for a

ertical muon crossing the detector has been measured to

whereM; corresponds to the number of muons measure : = .
by thei-th counter of the pair. The relative accuracy of a%e betw_eemlS anck:5 according to the position at which
the particle crosses the detector.

single module is then given by the width of thelistribu- The laboratory measurements and their results have

tion, A = o /M, wherea is the accuracy of a single mod- ! . . :
ule. To obtain this expression, it has to be assumed thaReen used to implement a simple simulation of the detector
: : response, allowing the expected counting performances of

M; ~ M, and thato; ~ o0»; quality cuts will be used to en- ) . ! )
1=2 1~ 02, qualilty he modules to be estimated. Such simulations will be used

sure that the modules are measuring real EAS events. Tr{ o ) i
detectors are in principle identical, therefore their aaeu '© further study and optimize the reconstruction algorithm

cies should be similar.

The expected results on the counting accuracy of the
AMIGA muon modules have been studied by means of
simulations. Given the energy threshold of thginfill arrayReFerences
(full trigger efficiency at~ 3 x 1017 eV) one year of data [1] A. Etchegoyen for the Pierre Auger Collaboration,
taking will allow deviations from a Poissonian behavior ~ Proc. 30th ICRC, Mérida, Mexic, (2007) 1191.
(expected for an ideal detector) of the order of 10% to[2] M. Hillas, J. Phys. G Nucl. Part31 (2005) R95.
be detected at a level ofo2 In addition the comparison [3] V. Berezinskyet al, Phys. Rev. Dr4 (2006) 043005.
between the counts in the Frand the 10 fAimodules will  [4] D. Allard et al,, Astropart. Phys27-1 (2007) 61.
allow us to study the counting efficiency and the effect of[5] D. Ravignani for the Pierre Auger Collaboration,
pile-up (due to the finite segmentation of the modules). paper 693, these proceedings.

The first data from the twin counters at thathy Turner  [6] F. Suarez for the Pierre Auger Collaboration, paper
position are shown in Fil] 6. Requiring that the associated 712, these proceedings.

SD station is part of an event with reconstructed energy7] M. Platino et al,, JINST6 (2011) PO6006.

above 187 eV, about 280 events have been collected in twg8] B. Wundheiler for the Pierre Auger Collaboration,
month of data taking. The preliminary comparison of the Proc. 32th ICRC, Beijing, China (2011) 84,

counts of the two counters, already gives a first indication arXiv:1107.4807.

that the detectors are working as expected, allowing th¢d] S. Agostinelliet al, Nucl. Instrum. Meth506 (2003)
muon counting accuracy to be accessed in the near future. 250.
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