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ABSTRACT. The ARGO-YBJ experiment consists of a 5000 single layer of Resistive Plate
Chambers situated at Yangbajing, Tibet (P.R. of China),0488ters a.s.l. (atmospheric depth
600 g/cn?). The percentage of active area all over the carpet is 92%agattially instrumented
guard ring (1700 rf) around the central zone extends the instrumented area L{OA0 nt. The
experiment is operated in scaler mode, shower mode andgamadde and is sensitive to cosmic
rays in the 18-10° eV energy range. From few hundreds GeV on, the arrival dinecif cosmic
rays is inferred by the study of the induced extensive ainghe. A review of the most important
results of the ARGO-YBJ experiment in gamma-ray astronomy @smic-ray physics will be
given, focusing on the potential of RPCs in ground-basepatticle physics.
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1 Introduction

In the last few years, astrophysics enjoyed the observatiméribution of more and more refined
telescopes, sensitive from the radio to the gamma regioneoéliectromagnetic spectrum. On the
other side, cosmic-ray (CR) physics benefited from the ueetea findings in the wide energy
range spanning £fao 10*teV.

The energy region #8610 eV is important for the study of the origin and the propagatio
of CRs, due to the direct relation that there exists betwdnged nuclei of such energy and the
emission spectra observed from many celestial objectseregalactic and extra-galactic. At this
energy, fluxes are so low that large collecting areas areetkeadd ground-based detectors are to
be used. Extensive Air Shower (EAS) arrays detect seconmaticles of the shower front and use
the time-space information to inspect the primary CR thatipced the shower. For gamma-ray
astrophysics, an accurate reconstruction of the showenpaers is needed, i.e. nanosecond ac-
curacy in sampling the arrival times of the shower front iples. Moreover, to efficiently detect
showers induced by primary CRs of energy as low.ak0'! eV, the absorption of the atmosphere
must be as low as possible and as much secondary particlessblp are to be detected. The first
condition is satisfied by choosing high-altitude sites far &xperiments, whereas the second one
naturally implies the full-coverage approach, i.e. to thdetectors whose active area is few less
than 100%. Such a concept demands robust, reliable aneéffestive detection technologies. In
the late 1990s, the use of Resistive Plate Chambers (RPG@sgnvisaged to meet these require-
ments by the ARGO-YBJ collaboration, due to RPC low-cosgdaactive area and excellent time
resolution []. The ARGO-YBJ experiment was mainly designed for gamnyaastro-physics in
the energy range 10°-103eV and CR physics in the rigidity range 0106 V.

This paper is aimed at giving a summary of the main achievésneinthe ARGO-YBJ ex-
periment, mainly focusing on those results which follownfrthe particular features of the RPC
detector.
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Figurel. Layout of the ARGO-YBJ experiment. On the left side the cardarpet (cyan) and the guard ring
(yellow) are represented. The small red rectangle indsddite position of the test-telescope used to monitor
the RPC performance. The modular structure of the detestsinawed in the right side of the figure. The
basic DAQ unitis the cluster, made of 10 RPCs. Time and spaeés{pad and strip, respectively) are also
visible, as well as the big-pad geometry for the analog i@ad-

2 The ARGO-YBJ detector

The ARGO-YBJ experiment is a continuous carpet of RPC deglat the YangBalding Cosmic
Ray Laboratory, Tibet, P.R. of China, 4300 m a.sﬂ.QOGg/cmz). The detector is constituted by
a central carpet 74 x 78 n?, made of a single layer of RPCs with93% of active area, enclosed
by a guard ring partially instrumented 20%) up to~ 100x 110 nt.

The apparatus has a modular structure (see the fiurhe basic data acquisition element
being a cluster (5 x 7.6 m?), made of 12 RPCs (85x 1.23 n? each). Each chamber is read by
80 external strips of 85x 61.8 cn? (the spatial pixel), logically organized in 10 independeats
of 55.6 x 61.8 cn? which represent the time pixel of the detect?}. [The read-out of 18360 pads
and 146880 strips are the experimental output of the detecto

The RPCs are operated in streamer mode by using a gas mikudb%, Isobutane 10%,
TetraFluoroEthane 75%) for high altitude operati@h [The high voltage settled at 7.2 kV ensures
an overall efficiency of about 96%. The gas flow is 3 volumes/aiad no recycle systems are
operated. The intense field of 3.6 kV/mm at 0.6 atm presswreiges very good time resolution
(1.8 ns) and the high electrode resistivity (plastic lartenad*Q cm) limits the area interested by
the electrical discharge to few nfm

A simple, yet powerful, electronic logic has been implensento build an inclusive trigger.
This logic is based on a time correlation between the padasgtepending on their relative dis-
tance. In this way, all the shower events giving a number eflfgpadsNpag > Nyig = 20 in the
central carpet in a time window of 420 ns generate the trigger

The whole system, in smooth data taking since July 2006 wiRiG®-130, is in stable data
taking with the full apparatus of 153 clusters since Noven@07 with the trigger condition
Nyig = 20 and a duty cycle> 85%. The trigger rate is- 3.5 kHz with a dead time of 4%.
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Figure2. Time resolution (upper plot) and efficiency (lower plottloeé ARGO-YBJ RPCs obtained from the
test-telescope. Seasonal variations induced by atmaspgftects are well visible. The reported efficiency
does not account for the blind area of the spacers insideab@ap. The efficiency drop in the mid part of
2011 is due to high voltage tests.

Once the coincidence of the secondary particles has beerdest; the main parameters of
the detected shower are reconstructed from the digitatnmddion, by following the procedure
described in 3]: among them, the shower size (proportional to the primaRyebergy) and the
arrival direction. Since December 2009, the analog infdimnaabout the event is recorded too.

3 Performance

The operational performance of the apparatus is contifyansnitored by a test-telescope (see
the figurel) operated with the whole experiment. It is made of 5 RPCsdkimputhose used for the
carpet) lined up vertically. The telescope is triggered hmy éxperiment and uses vertical coinci-
dences between strips to measure the efficiency. Time of fiilglasurements are to determine the
time resolution. These values are measured for the thremtehambers, using the more external
ones as reference. The results are interpreted as averags ¥ar the whole system. Sed for
more details. In figur@ the time resolution and the overall efficiency from the tetédcope are
reported for the period 2008-2011. One year-periodic tiaria are well visible either for the time
resolution (upper plot) and for the efficiency (lower pldthey are induced by atmospheric effects,
as no correction of the applied electric field is made for terajure and pressure changes. After
these effects, the intrinsic operating stability was measto be at the level of.6%. Besides such

a seasonal effect, the efficiency plot shows a small decrwibethe time, as large as:310~2
per year. The reason of such an effect is still under invastig. There are elements to argue that
the aging is mostly related to the very low level of humidifititee gas mixture in use. The spatial
resolution and the cluster size of the ARGO-YBJ chamber, @l ag the efficiency-map can be
found in [2]. To date less than 30 chambers out of 1836 are not workingtenéaction of dead
electronic channels is less 10
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The Moon shadow. The performance of the detector can be also measured witivitoan
shadow, i.e. by observing the CR deficit towards the Moon (&, left). It allows to evaluate
the angular resolution, the pointing accuracy and to eneatjiprate the detector, as well as to
check its operation stabilityd].

Analog read-out. Since December 2009 the ARGO-YBJ experiment started tadkatg also in
analog mode, i.e. by reading the charge deposit on eachaoigdhe analog information allows to
ARGO-YBJ to overtake the limit of the digital saturationtexding the energy range of operation
up to~ 10 PeV. More details can be found i5][ In the figure4 an instance of calibration of the
analog readout on an event-by-event basis is given. Thiaksixis reports the particle density,
whereas the horizontal one indicates the distance fromebenstructed position of the shower
core. Red points represent the digital information, séigaat ~ 22 part/n?. The analog signal,
represented by the blue points, gives significant inforomatip to~ 10° part/n?. In the region
between 5 and 20 m from the shower core, digital and analdghdison perfectly overlap with
each other. The use of RPCs in analog mode on large-scaleiragpés has no precedent and
currently gives promising results.

4 Physicsresults

This section reports a selection of those results from AREJ-which better highlight how and
where RPCs are most effective for astroparticle physics.

p-p total cross-section. The figure5(a) reports the measurement of the total p-p cross section
as measured by ARGO-YBJ][ The result dates back to 2009 and is obtained by explottieg
cosmic ray intensity attenuation observed with increasingle between the arrival direction of
primary cosmic rays and the zenith. Such a measurementitidrally carried out by combining
the information on the muonic and the electromagnetic caraéthe shower. For ARGO-YBJ
the muon information, not available, was replaced by thermétion on the local particle density,
which can be made use of only if most of the shower front is $adip

Light-component energy spectrum. In the figure5(b) the energy spectrum of the light compo-
nent of the cosmic radiation is reported. It is the final ootecof the analysis described i8]]

It is worth noting that all the other points in the plot arenfreatellite- or balloon-borneexperi-
ments. The full coverage approach and the high efficiencyrgE&for low-energy particles allowed
ARGO-YBJ to be so sensitive in the TeV energy region.

Mrk421 long-term monitoring. The figure6(a) reports the cumulative number of photons com-
ing from the Active Galactic Nucleus Mrk421 as a functioniofé. Photons are emitted with high
variability,as it is well evident from the variation of théope of the red band. For these objects
long-term monitoring activities have fundamental impoda, mostly for what concerns multi-
wavelength observation campaigns. ARGO-YBJ is curretgydnly experiment with duty-cycle
sufficient (> 85%) to guarantee a continuous survey frenr300 GeV to~ 20 TeV on a large field

of view (~ 2 sr in the local frame). More details can be founddh [



- —0
o
- —-10
2
_ 3 4 —-20
S 1 3
S I .
= [ 4 —-30
& o —
Q 7
o - -1 —-40
@D [ —
(-] [ E
= 1)4-50
- _18-60
.
III|IIlllllllllllllllllllll{ﬂ -
-4 3 ) A ) 1 2 3 g 70
{Ra-Rau)cos(Dec) [Deg]
(@)
1.4 — 2008 : 2009 2010 i 2011
12 & !
1B
D o8
B o8/
2 o4 B
a L=
L=
Iy 02 E—
0.4 —
o8 ;
_ e
$ =5
E 0.2 i—
24 B
22 B
2 B
1.8 £
2 18 E
& 1.4 =
- = B I ¥
0.8 £ L H L
06—, |, .. i i i i i i P
54400 54600 54800 55000 55200 55400 55600 55800
MJD
(b)

Figure 3. Moon shadow as observed by the ARGO-YBJ experiment (a). cbiar scale indicates the
significance of the detection in standard deviations. Fiptréports some results about the operational
stability of ARGO-YBJ, carried out on a monthly basis (MJBrads for Modified Julian Date). The deviation
of the Moon signal from the expected position in declinatioed) and right ascension (blue points) is
reported. The black points indicate the ratio of the meaksignal intensity to the expected one.
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Figure 4. Example of inter-calibration of the digital and the anallofiprmation within the same event.The
X-axis reports the distance from the estimated shower edrereas the Y-axis reports the particle density.
Red points are from digital readout, blue points from analog.

Medium scale anisotropy. The Medium Scale Anisotropy of cosmic rays was observed by
ARGO-YBJ in the energy range 600 GeV-20 TeV (figafk)). Cosmic ray excesses narrow down
to 10° are a recent discovery. Even if the intensity of the effeported here is of the order of
10410, the response uniformity of RPCs after temperature andsprescorrections allows the
ARGO-YBJ collaboration to reduce systematics down to 20%reévtetails can be found id()].

5 Conclusions

The ARGO-YBJ experiment is operated since November 2007 avity cycle> 85% and trigger
rate~ 3.5kHz. Since December 2009 the analog readout extends tigyeamge of the experi-
ment up to~ 10 PeV. The RPC technology demonstrated to be effective ne#tpect to the main
experimental challenges of ground-based TeV astropaniol/sics. The ARGO-YBJ experiment
is expected to have collected more thar 50! events by the end of 2012, date when the data
acquisition is scheduled to end. Some upgrades of the expetal layout are currently under
study, to extend the effective area, the primary energgaaand increase the sensitivity to TeV
gamma-ray sources.
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Figureb. (a): p-p total cross-section measured by the ARGO-YBJrx@at. LHC experiments confirmed
in the last year (see] and references therein). (b): light component (p+He) gpapectrum as measured
by ARGO-YBJ. Heavier elements amount to a few percent of #ta-det and can be reliably excluded from
the analysis by suitable selection cuts.
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Figure 6. (a): Mrk421 long-term monitoring by the ARGO-YBJ experimeThe vertical axis reports the
cumulative number of ARGO-YBJ events (red band, statiseéceor only), together with two correlated
cumulative distributions of X-ray emission. (b): mediunakcanisotropy observed by the ARGO-YBJ
experiment. An equatorial representation of data is pexid he color scale indicates the statistical signif-
icance of the observation.
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