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AbstratThe surfae detetor array of the Pierre Auger Observatory onsists of1600 water-Cherenkov detetors, for the study of extensive air showers (EAS)generated by ultra-high-energy osmi rays. We desribe the trigger hierar-hy, from the identi�ation of andidate showers at the level of a single dete-tor, amongst a large bakground (mainly random single osmi ray muons),up to the seletion of real events and the rejetion of random oinidenes.Suh trigger makes the surfae detetor array fully e�ient for the detetionof EAS with energy above 3 × 1018 eV, for all zenith angles between 0◦ and60◦, independently of the position of the impat point and of the mass ofthe primary partile. In these range of energies and angles, the exposure ofthe surfae array an be determined purely on the basis of the geometrial6



aeptane.Key words: Ultra high energy osmi rays, Auger Observatory, Extensiveair showers, Trigger, ExposurePACS: 95.85.Ry, 96.40.Pq1. IntrodutionThe main objetive of the Pierre Auger Collaboration is to measure the�ux, arrival diretion distribution and mass omposition of osmi rays from
≈ 1018 eV up to the highest energies. Due to the very low �uxes at theseenergies, osmi rays have to be measured through the extensive air showers(EAS) they produe in the atmosphere.The Pierre Auger Observatory, loated near Malargüe, Argentina, at 1400m asl, detets EAS in two independent and omplementary ways. It inludesa surfae detetor array (SD), onsisting of 1600 water-Cherenkov detetors[1℄ on a triangular grid of 1.5 km spaing overing an area of approximately3000 km2, whih detets the seondary partiles at ground level and thussamples their lateral density distribution. The surfae detetor array is over-looked by a �uoresene detetor (FD) onsisting of 24 telesopes at foursites, whih measure the �uoresene light emitted along the path of the air-showers and thus traes their longitudinal development [2℄. Showers detetedby both detetors are alled hybrid events and they are haraterised moreaurately with respet to diretion and energy than using either tehniquealone. However, the livetime of the FD is limited to ≈ 13%, as it only op-erates on lear, moonless nights [2℄. The bulk of data is provided by the SDwith its nearly 100% livetime. The study of the trigger and the determina-tion of the aperture of the SD is thus essential for the physis aims of thePierre Auger Observatory.The SD data aquisition (DAQ) trigger must ful�ll both physial andtehnial requirements. The main limitation to the rate of reordable eventsomes from the wireless ommuniation system whih onnets the surfaedetetors to the entral ampus. The latter must serve ontinuously 1600stations spread over 3000 km2, eah using an emitter onsuming less than1 W power to transmit to olletors as far as 40 km away. The maximumsustainable rate of events per detetor is less than one per hour, to be om-pared to the 3 kHz ounting rate per station, due to the atmospheri muon�ux. The trigger thus must redue the single station rate, without indu-7



ing loss of physis events. It must also allow data aquisition down to thelowest possible energy. To deal with all these requirements, the design ofthe DAQ SD trigger (desribed in setion 3) has been realised in a hierar-hial form, where at eah level the single station rate beomes less and less,by means of disrimination against bakground striter and striter. At thesame time, the DAQ trigger is designed to allow the storage of the largestpossible number of EAS andidates .The ultimate disrimination of EAS from hane events due to ombina-torial oinidenes among the surfae detetors is performed o�-line througha seletion of physis events, and of detetors partiipating in eah of them.The event seletion proedure is hierarhial too, it is desribed in setion 4.In setion 5.1, we show that the trigger and event seletion hierarhymakes the array fully e�ient for the detetion of showers above 3×1018 eV.We restrit ourselves to this energy range for the alulation of the exposure(desribed in setion 5.2), whih is simply proportional to the observationtime and to the geometrial size of the SD array. Under these onditions thealulation of the exposure is very robust and almost devoid of systematiunertainties. Therefore it is straightforward to alulate the osmi ray �uxas the ratio of the number of olleted events to the e�etive, as it was donein the measurement of the osmi ray spetrum by the surfae detetor ofAuger [3℄.2. The surfae detetor of the Pierre Auger ObservatoryEah water Cherenkov detetor of the surfae array has a 10 m2 watersurfae area and 1.2 m water depth, with three 9� photomultiplier tubes(PMTs) looking through optial oupling material into the water volume,whih is ontained in a Tyvek R© re�etive liner [1, 4℄. Eah detetor operatesautonomously, with its own eletronis and ommuniations systems poweredby solar energy. Eah PMT provides two signals, whih are digitised by 40MHz 10-bit Flash Analog to Digital Converters (FADCs). One signal isdiretly taken from the anode of the PMT, and the other signal is providedby the last dynode, ampli�ed and inverted within the PMT base eletronis toa total signal nominally 32 times the anode signal. The two signals are usedto provide su�ient dynami range to over with good preision both thesignals produed in the detetors near the shower ore (∼ 1000 partiles/µs)and those produed far from the shower ore (∼ 1 partile/µs). Eah FADCbin orresponds to 25 ns [4℄. 8



The signals from the three PMTs are sent to a entral data aquisition system(CDAS) one a andidate shower event triggers the surfae detetor array (seesetion 3.2). The total bandwidth available for data transmission from thedetetors to the CDAS is 1200 bits per seond, whih preludes the possibilityof any remote alibration. For this reason, the alibration of eah detetoris performed loally and automatially. It relies on the measurement of theaverage harge olleted by a PMT from the Cherenkov light produed by avertial and entral through-going muon, QV EM [5℄. The water-Cherenkovdetetor in its normal on�guration has no way to selet only vertial muons.However, the distribution of the light of atmospheri muons produes a peakin the harge distribution, Qpeak
V EM (or VEM in short), as well as a peak inthat of the pulse height, Ipeak

V EM , both of them being proportional to thoseprodued by a vertial through-going muon. The alibration parameters aredetermined with 2% auray every 60 s and returned to the CDAS witheah event. Due to the limited bandwidth, the �rst level triggers are alsoperformed loally. These triggers (setion 3.1) are set in eletroni units(hannels): the referene unit is Ipeak
V EM .With respet to shower reonstrution, the signals reorded by the dete-tors - evaluated by integrating the FADC bins of the traes - are onvertedto units of QV EM . These are �tted with a measured Lateral DistributionFuntion (LDF) [11℄, that desribes S(r), the signals as a funtion of dis-tane r from the shower ore, to �nd the signal at 1000 m, S(1000) [6℄. Thevariation of S(1000) with zenith angle θ arising from the evolution of theshower, is quanti�ed by applying the onstant integral intensity ut method[7℄, justi�ed by the approximately isotropi �ux of primary osmi rays. Anenergy estimator for eah event, independent of θ, is S38, the S(1000) thatEAS would have produed had they arrived at the median zenith angle, 38◦.The energy orresponding to eah S38 is then obtained through a alibrationwith the �uoresene detetor based on a subset of high-quality hybrid events[3℄.3. The DAQ trigger system of the surfae detetor arrayThe trigger for the surfae detetor array is hierarhial. Two levels oftrigger (alled T1 and T2) are formed at eah detetor. T2 triggers are om-bined with those from other detetors and examined for spatial and temporalorrelations, leading to an array trigger (T3). The T3 trigger initiates data9



aquisition and storage. The logi of this trigger system is summarised in�gure 1.
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Figure 1: Shematis of the hierarhy of the trigger system of the Auger surfae detetor.3.1. Single detetor triggersThe T1 triggers data aquisition in eah water Cherenkov detetor: dataare stored on the loal disk for 10 s waiting for a possible T3. Two indepen-dent trigger modes are implemented as T1, having been oneived to detet,in a omplementary way, the eletromagneti and muoni omponents of anair-shower. The �rst T1 mode is a simple threshold trigger (TH) whih re-quires the oinidene of the three PMTs eah above 1.75 Ipeak
V EM

1. This triggeris used to selet large signals that are not neessarily spread in time. It is par-tiularly e�etive for the detetion of very inlined showers that have rosseda large amount of atmosphere and are onsequently dominantly muoni. TheTH-T1 trigger is used to redue the rate due to atmospheri muons from ≈3kHz to ≈100 Hz. The seond T1 mode makes use of the fat that, for otherthan very inlined showers or signals from more vertial showers very loseto the shower axis, the arrival of partiles and photons at the detetor isdispersed in time [8, 9℄. For example, at 1000 m from the axis of a vertialshower, the time for the signal from a water-Cherenkov detetor to rise from10 to 50% is about 300 ns. The seond mode is designated the �Time-over-Threshold� trigger (ToT) and at least 13 bins (i.e. >325 ns) in 120 FADC1For detetors with only two (one) operating PMTs the threshold is 2 (2.8) I
peak
V EM .10



bins of a sliding window of 3µs are required to be above a threshold of 0.2
Ipeak
V EM in oinidene in 2 out of 3 PMTs2. This trigger is intended to seletsequenes of small signals spread in time. The ToT trigger is thus optimisedfor the detetion of near-by, low energy showers, dominated by the eletro-magneti omponent, or for high-energy showers where the ore is distant.The time spread arises from a ombination of sattering (eletromagnetiomponent) and geometrial e�ets (muons) as disussed in [8, 9℄ where de-tails are given of how the time spread depends on distane and zenith angle.Sine the average signal duration of a single muon is only about 150 ns, thetime spread of the ToT (325 ns) is very e�ient at eliminating the randommuon bakground. The ToT rate at eah detetor is < 2Hz and is mainlydue to the ourrene of two muons arriving within 3µs, the duration of thesliding window.The T2 is applied in the station ontroller to redue to about 20Hz therate of events per detetor. This redution is done to ope with the band-width of the ommuniation system between the detetors and the entralampus. The T2 triggers, namely their time stamp and the kind of T2, aresent to the CDAS for the formation of the trigger of the array. All ToT-T1triggers are promoted to the T2 level, whereas TH-T1 triggers are requestedto pass a further higher threshold of 3.2 Ipeak

V EM in oinidene among the threePMTs3. The rates of the TH-T2 triggers are rather uniform in the detetorsover the whole array within a few perent, while those due to the ToT-T2are less uniform. This is due to the fat that the ToT is very sensitive to theshape of the signal, this in turn depending on the harateristis of the water,the re�etive liner in the detetor and the eletroni pulse shaper. However,the lak of uniformity of the trigger response over the array does not af-fet the event seletion or reonstrution above the energy orresponding tosaturated aeptane.3.2. Trigger of the surfae arrayThe third level trigger, T3, initiates the entral data aquisition from thearray. It is formed at the CDAS, and it is based on the spatial and temporalombination of T2. One a T3 is formed, all FADC signals from detetors2For detetors with only two (one) operating PMTs, the algorithm is applied to two(one) PMTs.3For detetors with only two (one) operating PMTs the threshold is set to 3.8 (4.5)
I

peak

V EM . 11



passing the T2 are sent to the CDAS, as well as those from detetors passingthe T1 but not the T2, provided that they are within 30 µs of the T3.The trigger of the array is realised in two modes. The �rst T3 moderequires the oinidene of at least three detetors that have passed the ToTondition and that meet the requirement of a minimum of ompatness,namely, one of the detetors must have one of its losest neighbours andone of its seond losest neighbours triggered. It is alled "ToT2C1&3C2",where Cn indiates the nth set of neighbours (see �gure 2). One the spatialoinidene is veri�ed, timing riteria are imposed: eah T2 must be within
(6 + 5Cn)µs of the �rst one. An example of suh T3 on�guration is shownin �gure 2, left. Sine the ToT as a loal trigger has very low bakground,this trigger selets predominantly physis events. The rate of this T3 withthe full array in operation is around 1600 events per day, meaning that eahdetetor partiipates in an event about 3 times per day. This trigger isextremely pure sine 90% of the seleted events are real showers and it ismostly e�ient for showers below 60◦. The 10% remaining are aused byhane oinidenes due to the permissive timing riteria. The seond T3mode is more permissive. It requires a four-fold oinidene of any T2 witha moderate ompatness. Namely, among the four �red detetors, withinappropriate time windows, at least one must be in the �rst set of neighboursfrom a seleted station (C1), another one must be in the seond set (C2)and the last one an be as far as in the fourth set (C4). This trigger isalled "2C1&3C2&4C4". Conerning timing riteria, we apply the same logias for the "ToT2C1&3C2". An example of suh T3 on�guration, is shownin �gure 2, right. Suh a trigger is e�ient for the detetion of horizontalshowers that, being rih in muons, generate in the detetors signals that havea narrow time spread, with triggered detetors having wide-spread patternson the ground. With the full array on�guration, this trigger selets about1200 events per day, out of whih about 10% are real showers.
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Figure 2: Example of T3 on�gurations: the 3-fold T3 mode ToT 2C1&3C2 is shown onthe left and the 4-fold mode 2C1&3C2&4C4 on the right (see text for the de�nitions). C1,C2, C3, C4 indiate the �rst, seond, third and fourth sets of neighbours, respetively at1.5, 3, 4.5 and 6 km from a given detetor.3.3. E�ieny of the single detetor triggerThe single detetor trigger probability as a funtion of the signal, P(S),besides being important for the determination of the e�ieny of the triggerof the array, is also of use in the event reonstrution where non-triggereddetetors are inluded up to 10 km from a triggered one [10℄.The T1 e�ieny versus signal in the detetor, P(S), is determined byusing the very large statistis of EAS (≈ 106) reorded by the surfae detetorarray. For eah deteted EAS, and eah partiipating detetor, we measurethe trigger probability P(S) as the ratio NT (S)
NON(S)

, in di�erent bins of θ and
S(1000), of the number of triggered stations, NT , to the total number ofative stations, NON . S is the expeted signal at a detetor, based upon theLDF �tted from the measured values from eah detetor, and S(1000) is thesignal strength at 1 km, as derived from this �t. Sine P(S) is obtained fromevents that atually produed a T3, the method is biased by events with apositive �utuation in the signal. This bias an be orreted by Monte Carlosimulations and is found to be negligible at energies above around 3 × 1018eV. Limiting the analysis to showers with S38 > 16 VEM (orresponding toabout 3 × 1018eV), the trigger probability versus signal is derived averagingover all the bins in θ and S(1000). This is shown in �gure 3 (irles): theprobability beomes > 0.95% for S ≈ 10 VEM. This result is on�rmed by anindependent analysis that makes use of showers triggering ertain detetorsthat have been speially loated very lose to one another. The surfaearray has seven positions in whih three detetors (so alled triplets) havebeen deployed at 11 m from eah other. In eah triplet, only one detetor13



(master) sends T2 to CDAS, while the other two (slaves) are independentlyread out eah time a T3 is generated and if they pass the T1. For eahslave, the trigger probability versus reorded signal S is derived from theratio between the number of events where both slaves have triggered andthe number of events where only the other one has triggered. Depending ifone or two slaves have triggered, S is either the signal of the only triggereddetetor or the average of the two.
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Figure 3: Single detetor trigger probability as a funtion of the signal in the detetor,
P(S), obtained from triplets data (triangles) and from showers data with E > 3× 1018 eV(irles).From the analysis of about 10000 events, and ombining the probabilitiesfor the two slaves, P(S) is obtained and it is shown in �gure 3 (triangles), ingood agreement with the one obtained by showers data.4. Event seletion of the surfae detetor array for showers withzenith angle below 60◦A seletion of physis events and of detetors belonging to eah event ismade after data aquisition. Indeed, a large number of hane oinideneevents is expeted due to the large number of possible ombinations amongthe single detetors. We fous here on the seletion of events between 0◦ and60◦ sine more inlined showers have di�erent properties and require spei�seletion riteria desribed elsewhere [12℄.14



Two suessive levels of seletion are implemented. The �rst one (physistrigger) is based on spae and time on�gurations of the detetor, besidestaking into aount the kind of trigger in eah of them. The seond one(�duial trigger) requires that the shower seleted by the physis trigger isontained within the array boundaries, to guarantee the auray of the eventreonstrution both in terms of arrival diretion and energy determination.The logi of this o�-line trigger system and its onnetion to the DAQ triggersis summarised in �gure 4.
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Figure 4: Shematis of the hierarhy of the event seletion of the Auger surfae detetor.4.1. Physis triggerThe physis trigger, T4, is needed to selet real showers from the set ofstored T3 data. Two riteria are de�ned, with di�erent aims. The �rst T4riterion, so-alled 3ToT, requires 3 nearby stations, passing the T2-ToT, ina triangular pattern. It requires additionally that the times of the signals inthe 3 stations �t to a plane shower front moving at the speed of the light.The number of hane oinidene passing the 3ToT ondition over the fullarray is less than one per day, thanks to the very low rate of the T2-ToT.Due to their ompatness, events with zenith angles below 60◦are seletedwith high e�ieny, i. e. more than 98%.The seond T4 riterion, so alled 4C1, requires 4 nearby stations, withno ondition on the kind of T2. In this ase also, it is required that thetimes of the signals in the 4 stations �t to a plane shower front moving at15



the speed of the light. This 4C1 trigger brings to ≈100% the e�ieny forshowers below 60◦.The zenith angle distribution of events seleted by the T4 riteria is shownin �gure 5, left, in the un�lled histogram for 3ToT, and in the �lled one forthe 4C1 that are not 3ToT: the two riteria are learly omplementary, thelatter favouring the seletion of events with larger zenith angles. In �gure 5,right, the energy distributions of events seleted by the two di�erent riteriaare shown: those seleted by 3ToT have a median energy around 6 × 1017eV, while for those seleted by 4C1 it is around 3 × 1018 eV.
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Figure 5: Left: Angular (left) and energy (right) distribution of events seleted by the T4triggers: 3ToT (un�lled histogram), and 4C1, not ToT (�lled histogram).Besides disentangling aidental events, there is also the need to identify,and rejet, aidental detetors in real events, i.e. detetors whose signalsare by hane in time with the others, but that in fat are not part of theevent. To this aim, we de�ne a "seed" made by 3 neighbouring detetors ina non-aligned on�guration. If there is more than one triangle of stations,the seed with the highest total signal is hosen. If the T4 is a 3ToT, onlyToT detetors an be onsidered to de�ne the seed; if it is a 4C1, also THdetetors an be inluded. One the triangle has been determined, the arrivaldiretion is estimated by �tting the arrival times of the signals to a planeshower front moving with the speed of light. Subsequently, all other detetorsare examined, and are de�ned as aidental if their time delay with respetto the front plane is outside a time window of [−2 µs : +1 µs]. Detetors that16



have no triggered neighbours within 3 km are always removed.After the seletion hain (both event seletion and aidental detetorsremoval), 99.9% of the seleted events pass the full reonstrution proedure,that is arrival diretion, ore position and S(1000) are determined.4.2. Fiduial triggerThe need for a �duial trigger, T5, mainly arises from events falling loseto the border of the array, where a part of the shower may be missing. In�gure 6 a hybrid event is shown, that triggered the SD and one of the FDtelesopes, where a part of the SD information is missing due to its positionon the border of the array.

Figure 6: Example of a hybrid, non-T5, event: the event falls on the border of the SDarray, triggering only four detetors. Filled irles indiate the triggered ones, open irlesthe non-triggered ative ones. The dimensions of the �lled irles are proportional tothe measured signal. The shower detetor plane reonstruted by FD (dash-dotted line)indiates that the ore is within the triangle of detetors. The SD only reonstrutionplaes it outside the array (ross), arti�ially inreasing the event energy.Suh events ould have wrong ore positions, and onsequently, inor-ret energies, as in this example where the energy derived by SD is morethan 4 times larger than the one estimated by FD (1.4 × 1019 eV insteadof 3 × 1018 eV). The main task of the �duial trigger is thus to selet onlyevents well ontained in the array, ensuring that the shower ore is properlyreonstruted. 17



The �duial trigger should be applied a priori on the events, to be inde-pendent of the reonstrution proedure. The T5 adopted requires that thedetetor with the highest signal has all its 6 losest neighbours working atthe time of the event (i.e., it must be surrounded by a working hexagon).This ensures adequate ontainment of the event inside the array. Even in thease of a high energy event that falls inside, but lose to the border of thearray, where part of the data may be missing, information from the sevendetetors losest to the shower ore ensures a proper reonstrution. Apply-ing this ondition, the maximum statistial unertainty in the reonstrutedS(1000) due to event sampling by the array is ≈ 3% [10℄. It has to be notedthat this riterion also disards events that, though ontained, fall lose toa non-working detetor: this is an important issue beause, due to the largenumber of detetors distributed over 3000 km2, about 1% of the detetors areexpeted to be not funtioning at any moment, even with onstant detetormaintenane. For the fully ompleted array, and taking this into aount,the appliation of the T5 ondition redues the e�etive area by 10% withrespet to the nominal one.Finally, the use of the �duial trigger allows the e�etive area of the arrayto saturate to the geometrial one above a ertain primary energy. Indeed,with no onditions on event ontainment, the aeptane would inrease withinreasing energy, sine showers falling outside the borders of the array mightstill trigger su�ient detetors to be reorded; the higher their energy, thefarther the distane.5. Aperture and exposure of the surfae detetor array for showerswith zenith angle below 60 degreesThe aperture of the surfae detetor array is given by the e�etive areaintegrated over solid angle. When the trigger and event seletion have fulle�ieny, i.e. when the aeptane does not depend on the nature of theprimary partile, its energy or arrival diretion, the e�etive area oinideswith the geometrial one. In subsetion 5.1, the energy above whih theaeptane saturates is derived. In setion 5.2, the alulation of the exposureabove this energy is detailed.5.1. Determination of the aeptane saturation energyI. From SD data. The aeptane saturation energy, ESAT , is deter-mined using two di�erent methods that use events reorded by the surfae18



detetor array. In the �rst one, starting from deteted showers, mok eventsare generated by �utuating the amplitude of the signals reorded in eahdetetor and their arrival time. Suh �utuations are measured [13, 14℄ byusing twin detetors loated at 11 m from eah other. To eah simulatedevent, the full trigger and event seletion hain are applied. From the ratioof the number of triggered events to the simulated, the trigger e�ieny isobtained as a funtion of energy, as shown in �gure 7 (triangles). As anbe seen, the trigger probability beomes almost unity (> 97%) at energy
E ∼ 3×1018 eV for all angles between 0◦ and 60◦. The fat that the methodis based on the use of showers that atually triggered the array may biasthe estimation of the trigger probability at low energy. However, it does notbias the result on the trigger probability lose to full e�ieny, and hene on
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Figure 7: Trigger e�ieny as a funtion of energy, derived from SD data (triangles) andhybrid data (irles).II. From hybrid data. The hybrid data sample is omposed of eventsobserved by the FD and that triggered at least one SD detetor: onsequently,it has an intrinsially lower energy threshold than the SD. For eah bin inenergy (of width 0.2 in log10(E)), the number of events that pass the SD19



trigger out of the total number of events are ounted. To avoid biases fromprimary omposition, the same data seletion riteria as in [15℄ are used.Additionally, in analogy with the T5, to avoid the e�ets of the bordersof the array, it is required that the detetor used in the hybrid geometryreonstrution is surrounded by 6 ative detetors. The trigger e�ieny ofthe surfae detetor array is found to be saturated (> 97% ) for energiesabove 3 × 1018 eV, as shown in �gure 7 (irles), in agreement with what isobtained by the analysis of SD data alone.III. Cross-hek with simulations. ESAT is �nally ross-heked us-ing full shower and detetor simulations. The simulation sample onsists ofabout 5000 proton, 5000 photon and 3000 iron showers simulated using COR-SIKA [16℄ with zenith angle distributed as sin θ cos θ (θ <60◦) and energiesranging between 1017 eV and 1019.5 eV in steps of 0.25 (0.5 for photons) in
log10(E). The showers are generated using QGSJET-II [17℄ and FLUKA [18℄for high and low energy hadroni interations, respetively. Core positionsare uniformly distributed at ground and eah shower is used �ve times, eahtime with a di�erent ore position, to inrease the statistis with a negligibledegree of orrelation. The surfae detetor array response is simulated usingGeant4 [19℄ within the framework provided by the Offline software [20℄. Theresulting trigger probability as a funtion of the Monte Carlo energy for pro-ton, iron and photon primaries is shown in Figure 8 for 0◦ < θ < 60◦. Dueto their larger muon ontent, at low energies iron primaries are slightly moree�ient at triggering the array than protons. However, the trigger beomesfully e�ient at 3× 1018 eV, both for proton and iron primaries, in di�erentintervals of zenith angles. It is important to notie that the trigger e�ienyfor photons is muh lower. This is beause photons tend to produe deepershowers that are poor in muons.

20



 (E/eV)
10

log
17.5 18 18.5 19 19.5

T
rig

ge
r 

ef
fic

ie
nc

y

0

0.2

0.4

0.6

0.8

1

iron

proton

photon

Figure 8: SD trigger e�ieny as a funtion of Monte Carlo energy E for proton (irles),iron (triangles) and photon primaries (squares) and zenith angle integrated up to 60◦.Lines are drawn only to guide the eyes.5.2. Calulation of the integrated exposureThe studies desribed above have shown that the full e�ieny of theSD trigger and event seletion is reahed at 3 × 1018 eV. Above this energy,the alulation of the exposure is based solely on the determination of thegeometrial aperture and of the observation time.With respet to the aperture, the hoie of a �duial trigger based onhexagons, as explained in setion 4.2, allows us to exploit the regularity ofthe array very simply. The aperture of the array is obtained as a multiple ofthe aperture of an elemental hexagon ell, acell, de�ned as any ative detetorwith six ative neighbours, as shown in �gure 9.
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Figure 9: Sheme of an hexagon of detetors: the elemental hexagon ell, acell, is theshaded area around the entral detetor.At full e�ieny, the detetion area per ell is 1.95 km2. The orrespond-ing aperture for showers with θ < 60◦ is then acell ≃ 4.59 km2 sr. The numberof ells, Ncell(t), is not onstant over time due to temporary problems at thedetetors (e. g. failures of eletronis, power supply, ommuniation system,et...). Ncell(t) is monitored seond by seond: we show in �gure 10 the evo-lution of Ncell(t) between the start of the data taking, January 2004, andDeember 2008. Suh preise monitoring of the array on�gurations allowsus to exploit data during all deployment phases, learly visible in the �gure,as well as during unstable periods as during, for example, January 2008 whenhuge storms a�eted the ommuniation system.
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Figure 10: Evolution of the number of hexagonal ells (see text) between January 1st,2004 and Deember 31st, 2008The seond-by-seond monitoring provides at the same time the apertureof the array per seond, acell × Ncell(t), as well as the observation time withhigh preision. To alulate the integrated exposure over a given period oftime, the aperture of the array, Ncell(t)×acell, is integrated over the number oflive seonds. This alulation is expeted to be very preise, sine it is basedon a purely geometrial aperture and a very good time preision. Howeverboth the determination of Ncell(t) and of the observation time are a�etedby unertainties.Conerning the determination of Ncell(t), to evaluate the unertainty inthe number of ative detetors, a hek of the onsisteny of the event rate ofeah detetor with its running time, determined from the monitoring system,is performed. The unertainty derived from this study is added to that dueto errors of ommuniation between the station and the DAQ, whih are alsomonitored. Overall, the unertainty on the determination of Ncell(t) amountsto about 1.5%.For the determination of the observation time, and related unertainty,the dead time that is unaounted for in the seond by seond monitoring23



of the array, is taken into aount4. To determine these, an empirial teh-nique is exploited, based on the study of the distribution of the arrival timesof events, under the reasonable hypothesis that they follow a Poisson dis-tribution. Given the onstant rate λ for the T5 event rate per hexagon,
λ ≈ 1.4 × 10−5 event per seond per hexagon, the probability P that thetime interval T between two onseutive T5 events be larger than T is givenby: P (T ) = e−λT . We de�ne intervals as dead time if the Poisson probabilityof their ourrane is less than 10−5. As an example, we show in �gure 11the distribution of time di�erenes for events aquired in 2008. The distribu-tion is exponential with a time onstant of 72.4 seonds, as expeted for theabove value of λ and the observed average number of live hexagons duringthat year. In the �gure, the points outside the �lled area show those timeintervals that have ourred with a Poisson probability less than 10−5.
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Figure 11: Distribution of time di�erenes between events in 2008. The points outside the�lled area show the dead times (see text). The exponential �t is shown as a dashed linein the inset where the histograms are zoomed.The identi�ed dead times generally orrespond to periods of software4This dead time an be due either to problems in the ommuniation between thestations and the CDAS or to problems of data storage in the stations24



modi�ations at the level either of the single detetors or of the CDAS. Thesewere rather frequent during the deployment phase of the surfae detetorarray, whih lasted until June 2008. The unertainty in the determinationof the livetime is estimated to be around 1%. Between January 2004 andDeember 2008, the livetime of the surfae detetor array data aquisition is96%. Hidden dead times redue the e�etive livetime to 87%, the redutionbeing mostly due to the two �rst years of operation. However, due to thegrowth of the surfae detetor array, their impat on the total integratedexposure is a redution of only 3%.6. ConlusionsThe DAQ trigger of the surfae detetor array of the Pierre Auger Ob-servatory is organised in a hierarhial way, starting at the level of the singledetetor (T1, T2) up to the data aquisition (T3). The seletion of eventsbelow 60◦ takes plae o�-line, and it is also hierarhial (T4, T5). The wholehain, from the single detetor trigger, up to event seletion, is able to re-due the ounting rate of the single detetor from about 3 kHz, due mainlyto single, unorrelated, osmi muons, down to about 3 × 10−5 Hz. This�nal rate is due to extensive air showers, more than 99% of whih pass thereonstrution hain.In spite of the large number of detetors and the possible number ofhane events due to ombinatorial oinidenes among the detetors, thehigh-purity Time Over Threshold trigger enables the main trigger of thearray to be kept at the level of a 3-fold oinidene, thus extending therange of physis that an be studied. Suh a trigger, together with theevent seletion strategy, allows the aquisition and reonstrution of aboutone osmi ray shower per minute, with median energy around 6× 1017 eV.Moreover, it makes the surfae detetor array fully e�ient for showers due toprimary osmi rays above 3×1018 eV, independent of their mass and arrivaldiretions. The trigger provides at the same time a larger overlapping energyregion with the FD, whih is naturally e�ient at lower energies, allowingthe measurement of the osmi ray spetrum down to 1018 eV [21℄.Above 3× 1018 eV, the alulation of the exposure is purely geometrial,being the integration of the geometrial aperture over the observation time.Both of them are known with high preision, so that the overall unertaintyon the integrated exposure is less than 3%. The integrated SD exposure as afuntion of time is shown in �gure 12, from January 2004 to Deember 2008:25



at the end of the period it amounts to 12790±380 km2 sr yr. Even though theSD was under ontinuous deployment until June 2008, the e�etive livetime ofthe surfae detetor array averaged over all the �ve years is high, being 87%.The e�etive livetime of the SD is 96% for 2008 alone: with this livetime andthe full surfae detetor array deployed, the exposure is expeted to inreaseby about 500 km2 sr yr per month.
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