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ABSTRACT. Since data-taking began in January 2004, the Pierre Auger Observatory has been
recording the count rates of low energy secondary cosmic ray particles for the self-calibration
of the ground detectors of its surface detector array. After correcting for atmospheric effects, mod-
ulations of galactic cosmic rays due to solar activity and transient events are observed. Temporal
variations related with the activity of the heliosphere can be determined with high accuracy due to
the high total count rates. In this study, the available data are presented together with an analysis
focused on the observation of Forbush decreases, where a strong correlation with neutron monitor
data is found.

PACS:

96.50.S- Cosmic Rays;

98.70.Sa Galactic Cosmic Rays;

96.60.Q- Solar activity;

94.05.5Sd Space weather (solar effects);

29.40.Ka Cherenkov Detectors

KEYWORDS.: Large detector systems for particle and astroparticle physics; Cherenkov detectors;
Particle detectors.
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1. Introduction

The heliospheric modulation of Galactic Cosmic Rays (GCRs) observedzagtr is controlled
by the solar activity. In particular it is influenced by the variability of solardvi8W) conditions,
due to the solar cycle modulation (e.g., through changes of the global s&ractd polarity of the
magnetic field in the heliosphere) and to transient eruptions of solar ejebtayvariation of the
diffusion coefficient due to different levels and properties of interglary magnetic field (IMF)
fluctuations can also affects this modulation.

The observed modulation of cosmic rays (CRs) intensity provides informaltioat the trans-
port of particles in the inner and outer heliosphere, and also aboutlpartizming into the solar
system from the Local Interstellar medium, see for example [1]. In particB@Rs intensity
observed near Earth have shown a long-term modulation (associated witoldr cycle) and
short-term variations, such as Forbush decreases[2]. Thesetiaggents are short-term periods
of strong depressions of the cosmic ray flux observed at Earth. Aenadabin neutron monitors
(NMs) and muon detectors, the structure of Forbush decreases is asjcamstarting suddenly
and recovering smoothly with typical recovery times of the order of skslays. A typical Forbush
decrease is caused by the transit of a solar ejecta (i.e., the interplanetafystadion of a Coronal
Mass Ejection, CME) near Earth[3].

Dedicated neutron monitors are being used since several decadesgrgord observatories
to measure variations of CRs intensities. More recently many ground bage@t€ctors aiming
at CR physics at higher energies are also being used for these studies.

The Pierre Auger Observatory [4] was designed to study the physicesmhic rays at the
highest energies. It is located in Malargiie, Argentina (69335.3 S, 1400 m a.s.l.). Detection
of cosmic rays of energies above'#@V requires the instrumentation of a huge detection area, due
to the extremely low flux of particles at these extreme energies. The Augar@tiory combines
two detection techniques in a hybrid design: the observation of the fllresdight produced by
the secondary particles as they propagate through the atmospheree alicbth measurement of
particles reaching ground level. The layout of the Pierre Auger Obgawvis shown in figure 1.



The interaction of a high-energy particle with the atmosphere producesadmwith a huge
number of secondary particles called an Extensive Atmospheric Sh&A&)( The longitudinal
development of the EAS is followed by the Fluorescence Detector [5] @eD3isting of 24 tele-
scopes grouped in units of six telescopes at four different locatiars I(eones, Coihueco, Loma
Amarilla and Los Morados). FD operates only in moonless and clear-wedggs, with an oper-
ational average duty cycle of 13% of the total time. It overlooks the atmosti@ve a 3000 ki
area, where the Surface Detector (SD) [4] is deployed.
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Figure 1. Layout of the Pierre Auger Observatory at Malarglie, Argenti The position of the four FD
buildings surrounding the SD array are indicated by thekbkapiares, with gray lines indicating the field
of view of the six telescopes at each building. Orange dotkiee position of each of the 1600 water-
Cherenkov detectors, with a5lkm spacing between nearest neighbours.

The SD is an array of more than 1600 water-Cherenkov detectors plaeeiangular grid
with a spacing of 1500 m. The lateral (transverse) distribution of secprmaticles of EAS
at ground level is sampled by using the SD array. Each water-Chareldtector consists of a
polyethylene tank (10 farea) containing 12 tonnes of high-purity water in a highly-reflective
Tyvek® liner bag [6], providing a total of about 16 00Fraf collection area for the full SD array.
Cherenkov radiation generated by the passage of charged partidegtiiihe water volume in
each detector is collected by three 9" Photonis XP1805PA/1 photomultiplies {(&é4Ts). The
output signals from the PMTs (one directly from the anode and the otlesirom the last dynode
with an amplification factor of 32 to increase the dynamic range) are preddyssix 10-bit flash
analog-to-digital converters (FADC) with a sampling rate of 40 MHz (25ergtime bin). A GPS
system is used for timing and synchronisation. Each detector is power@eblsolar panels and



batteries, working as an autonomous station linked to the central data acousgiiem (CDAS)
in Malargtie through a dedicated radio network. Typically, more than 98%eotietectors are
operational at any given time.

The calibration is performed by local electronics in each detector [7gngilie limited avail-
able bandwidth (1200 bps per station[8]). The signal produced in atdetey a vertical and
central through-going muon, known as the vertical-equivalent muomMYE used as a reference
for calibration. Signals recorded by the detectors are converted to GiMEN.

The detectors are sensitive to charged particles in the EAS at grounddssentially domi-
nated byu™* ande®), as well as to high energy photons, as these converten pairs in the water
volume. While the detector acts as a calorimetenfande®, the energy deposited by energetic
muons (with energieB = 350 MeV) is nearly proportional to the track length of the muon through
the detector, as the water volume is not enough to stop them. These muonsrthprefluce a
characteristic hump in a background charge histogram[9, 10] thateasdd for calibration [7].
Using a test detector with an external trigger from a muon hodoscope, themumnp in the charge
histogram was found to be at.gB+0.02) VEM [10, 11].

Given the typical energy losses of muons in water for high energy mu@hs(dE/dx), ~
2MeVcm L, a vertical and central muon deposits240 MeV in a detector with .2 m depth of
water. At the operating gain of the SD detector, the correspondencedretive amplitude of the
pulse in FADC counts and the energy deposited by a particle in the detectBABQ ~ 5 MeV.
For details, see [7].

2. The Scaler mode

The single particle technique [13], used in many cosmic rays experimentsstin recording low
threshold rates (scalers) with all the surface detectors of the arraysi€nt events such as Gamma
Ray Bursts (GRBs) [14 —17] and solar flares [18, 19] are expecteel $een as a significant change
of the counting rates from the expected value.

In March 2005, a first set of scalers was implemented in all the detectadine &D [14], for
the search of GRBs and for long term stability and monitoring studies. Tlesders registered
any signal above a threshold of 3 FADC counts, corresponding toeagyeof~ 15 MeV deposited
by particles that reach the detector in a 25 ns bin. The typical averalge ssi@s obtained were
around 3800 counts per second per detector, i.e, 380 counts€. A new scaler mode, with
a threshold of 3 FADC counts and an upper bound of 20 FADC counti00Q MeV) was intro-
duced in September 2005 to remove signals produced by muons and thdigde tiee background
noise for GRBs searches, reducing the average scaler rate of eciod to~ 2000 counts per
second[14]. The rates at each detector are registered for evamdsand sent to the CDAS for
storage and further analysis. The main characteristics of the scalethipdyads are summarised
in table 1.

3. Scaler data treatment

Scaler rates are influenced by the intrinsically non-constant rate of lengeparticles, atmo-
spheric conditions and eventual instrumental instabilities. These effestsdde taken into ac-



Table 1. Main characteristics of count rates for Auger scalers imlpariods as defined in Section 2. The
collecting area range is due to the progressive developaid¢hé array to its completion in 2008.

Period Energy range | Average scaler rate| Collection area
[MeV] [countsstm2] [m?]

[: 01 Mar 2005 - 20 Sep 2006 E > 15 ~ 380 6660 - 8420

[l : After 20 Sep 2005 15<E <100 ~ 200 8420 - 16 250

count before searching for transient events (that last longer thew anfnutes) and for studying
the long term solar modulation of the galactic cosmic ray flux [19].

At the very low threshold of 3 FADC counts used for the scaler mode, s@teetdrs show
instabilities evidenced at the level of a few FADC counts. These do rexttaffe normal operation
mode of the SD, which uses thresholds of about 170 FADC counts fartitetef EAS. Extra care
is therefore required to select the detectors to be used in the scalerisn&iations with rates
lower than 500 counts$ are removed, as such a low rate is an indication of temporary instability.
For each individual second we also discard data from those stations xtiigdme counting rates
(upper and lower 2.5%). The second step is to remove those periods lessrthan 97% of the
array is in operation, resulting in a total loss of less than 10% of data. Tipisssteeded because
individual stations have different average counting rates, due taaiffeeasons, such as detector
calibration or pressure effects caused by the different altitudes ahwletectors are deployed.

Data for the two different periods was analysed independently. Forgestbds the average
scaler rate was computed for each station over the lifetime of the detectoct@stshowing an
RMS of more than twice the square root of that rate were excluded, lgeemire than 90% of the
stations after this cut. Brief spurious events (such as high frequensgy pomduced by lightning)
were removed by computing the average scaler rate for each detecta bvainutes period in
which data is available for at least 4 minutes.

It is worthwhile to note that given the huge counting rate3(x 10° counts s for the full SD
array,~ 10° particles counted every 5 minutes), the statistical accuracy is well békowarid the
measurement precision is dominated by possible systematics.

Atmospheric pressure variations are known to modify the flux of secgmdaticles at ground
level, due to the variation of mass of atmosphere above the detector: aasi@inghe atmospheric
pressure is correlated with a reduction in the background rate. Thagevecaler rate for the first
ten days of May 2007 is shown in figure 2, compared with the atmosphedsye as measured
by one of several weather stations operated at the observatory. oftetation corresponds to
about—2.7 + 0.2 (stat) %o per hPa for Period | and-3.6 + 0.2(stat) %. per hPa for Period II.
Other atmospheric effects such as those discussed in [20] were studitebip correlation with
scaler rate is small (less than 1 part irf p@r degree Celsius for the temperature, for example), in
particular when compared to the daily modulation discussed in section 4.

4. Data interpretation

The daily variation of the averaged scaler rate is shown in figure 3. Afiteospheric pressure
correction, a 0.25% modulation remains, with a maximum at 17h45 UT (14h45iloeg. While
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Figure 2. Scaler rate averaged over time bins of 5 minutes and oveetdttbrs in the array (solid line); and
atmospheric pressure (dashed line, note the reversedfscalessure) for the first 10 days of May 2007.

its phase and amplitude are comparable with the expected solar modulatiostfiztJatmospheric
(air density, temperature) and instrumental systematics cannot be ruled out.

To show that the pressure corrected data set is suitable for the studlapgstivity, the SD
scaler rates are compared with data from Rome neutron monitor 22M122.5 E, 6.3 GV
rigidity cut-off). The agreement found is shown in figure 4: Forbustreleses are clearly visible
in the scaler data for both periods. The upper threshold introduced ter8ber 2005, intended
to optimise signal over noise ratio for GRB detection, is not optimised for theskes, where
the muon flux at ground level might be better correlated to the primary cosmitusathan the
electron one. A study including different thresholds is underway.

As an example, the evolution of the scaler rates in Malargiie {35.89.3 W, 9.5 GV rigidity
cut-off [23]) during the 15 May 2005 Forbush event is shown in figur&vhen compared with
the May 2005 reference rate of 377 counts® 2, a (—2.9)% variation is observed, peaked at
15 May 2005 08:05 UTC, taking 6h45 to reach the peak value. After the rapid reduction in the
flux of secondary patrticles, a recovery time of about 9 days is obdeBefitting an exponential
function for the recovery (red dot-dashed lingjt) = Ry — aexp(—t/1), a baselindy = 377.7 +
0.1 counts s* m~? (red dotted line) and a time constantrof 2.21+ 0.18(stab days are obtained.

A comparison with observations from the close-by Los Cerrillos ObsanvatéM64 neutron
monitor (Chile)[24] (33.8S, 70.2W, 108 GV rigidity cut-off) is also shown in figure5 (blue
dashed line). Since the Forbush event of 15 May occurred duringtioeery phase of a previous



Forbush decrease, which started on 08 May 2005, the baseline foC&wslos rate increases
suddenly at the end of May 2005, and the determination of the baseline\igddaas a free
parameter in the fit is not possible. Therefore, the baseline of Los Cenits determined from
the neutron monitor rates of the first six days of May 2005, combined withebevery phase
of the studied Forbush decrease, obtairRag= 62.8 + 1 countss* (blue dotted line). A 8%
reduction in the neutron rate is observed, with an exponential recaviery ¢ot-dashed line) with
time constantr = 3.52+ 0.12(stap days. An agreement between the neutron monitor and the
scaler data is found in the determination of the starting point and the duratibe ohset (vertical
dashed lines in figure 5). Since both observatories have a similar rigiditgficutie difference
in the observed time constants reflects the higher energy threshold of e 80 scalers with
respect to the neutron monitor.

5. Conclusions

Observations of CR intensities play an important role in our understandthg ofterplanetary and
interstellar media, and also on our knowledge on physical mechanisms inydhgrinteraction
between charged particles and the magnetized plasma in the heliosphere eSemstudies have
started to combine ground observations of CRs with observations ofetitepgrticles made by
spacecrafts, with very promising results[25 —27].
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We have described how low energy radiation rates are registered witlstaig$tics at all the
surface detector array stations of the Pierre Auger Observatory, veitinrant collection area of
more than 16 000 kA A data processing method, based on a previous one intended for thie sea
of GRBs, has been implemented to observe modulation effects. After togdor pressure,
the behaviour of scaler rates shows a good agreement with data franomewonitors. Water-
Cherenkov detectors, operating in scaler mode, are therefore higtdiyige to Forbush decreases
and other transient events related to solar activity modulation of galactic coaysic

Additional analyses of scaler rates at individual detectors, diffesealker lower and upper
thresholds, and simulations of low energy cosmic rays (to determine the prémargies respon-
sible for the observed modulation) are underway.
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