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The astroparticle studies at Ooty have their roots going way back into the fifties, when studies using cosmic rays were
initiated with cloud chambers of progressivelgkrsizes as the primary detector and measuring device to obtain properties

of hadrons at high ergies.This study was subsequently strengthened with the installation of a total absorption calorimeter
and a modest extensive air shower array to probe the composition of the primary cosmic rays to verygiegtTaeer
discovery of pulsars provided a thrust for the exploration of these compact objects as the spuayssadifeV enegies

with the aid of atmospheri€erenkov detectors in the sevent\éth the rapid technological advances occurring during

the subsequent years in detectors, electronics and computers, physicists world-wide were able to setggarmty lar
remarkably sensitive experiments that were hard to imagine a decade éttiethe increasing sophistication and
complexity the modern experiments require participation of vegg lrams of scientistBhis development has made the
formation of collaboration of lge number of physicists both experimental and theoretical, engineers, technicians etc.,
from a number of institutions and universities, a prerequisite for setting up any major experimentaltaei®RAPES-

3 experiment is a collaboration of 34 scientists from 13 institutions, including 8 from India and 5 fromT¥epan.
GRAPES-3 experiment contains a dense extensive air shower array operating with ~ 400 scintillator detectors and a 560
m? tracking muon detector (E> 1 GeV), at Ooty in India. 25 % of scintillator detectors are instrumented with two fast
photomultiplier tubes (PM§) for extending the dynamic range to ~ Sxddlticles n. The scintillators, signal processing
electronics and data recording systems were fabricated in-house to cut costs and optimize peifblemaooe. multiplicity
distribution of the EAS is used to probe the composition of primary cosmic rays beldwetiewith an overlap with

direct measurements. Search for muliVy-rays from point sources is done with the aid of the muon detécgmod

angular resolution of 0°@t 30TeV, is measured from shadow of the Moon on the isotropic flux of cosmic rays. Sensitive
limit on the difuse flux of 100TeV y-rays is placed by using muon detector to filter out thegeltacosmic ray background.

The tracking muon detector allows sensitive measurements on the coronal mass ejections and solar flares through Forbush
decrease eventg/e have major expansion plans to enhance the sensitivity of the GRAPES-3 experiment in the areas
listed above.

PACS: 13.85.Tp, 96.50.sb, 96.50.sd, 95.55.Vj, 98.70.Rz
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1. Introduction B.V. Sreekantan. It is a remarkable coincidence that
the platinum jubilee of the Indian National Science
Academy falls in 2009, a year that happens to coincide
ith two other epoch making events in the history of
Indian scienceAs the year 2009 also marks the
centenary of the birth of DrBhabha and the

The high altitude laboratory for cosmic ray studies

in the mid-fifties, at the initiative of DiHomi J.
Bhabha by one of his most illustrious associate, Prof.
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completion of 150 years of the birth Atharya JC  early eighties from thapplication of new techniques
Bose.Acharya Bose had laid the foundation of such as the optimization of aperture and fast timing
advanced scientific research in India in the nineteenthof the ¢serenkov shower front [4]. Subsequent
century and DrBhabha following in his footsteps development of the imaging technique achieved
nearly a half century latecreated the edifice of enhanced rejection of the clyged particle
modern scientific research in the counthy the background, completely transforming tied of y-
present article we focus on a specific branch of ray astronomy into a new window for the study of
research, namelthe area of high ergy astroparticle  the universe. Clearly new technological
physics where a unique facilitthe Cosmic Ray breakthroughs in the design ofdarreflectors and
Laboratory was created in the fifties which continues better data processing software have provided the
to expand and thrive till today launching pad for the developments and maturing of

) the atmospheric Eerenkov technique.
1.1 Early History

12E t dC iti
During his inaugural address at the dedication of the nergy Spectrum and Composition

Bose Institute in Kolkata in November 194gharya  The enegy spectrum of the primary cosmic rays is
J.C. Bose had stateBut high success is not to be remarkable, in that, it can be described by a simple
obtained without caresponding experimental power law over nearly 10 decades in gyewith
exactitude, and this is needed to-day etvan ever  only two significant changes in the exponent at ~ 3 x
and tomorow yet moe again. Hence the long batyer  10*termed théneeand ~ 3x18eV termed thankle

of highly sensitive instruments and apparatus Despite a great deal of progress being made in recent
designed he, which stand beferyou in their cases times, a comprehensive understanding of the nature
in our entrance hal[1]. This timeless statement of the sources and the acceleration mechanism(s)
remains as valid today as it did nearly a century back.responsible for the primary cosmic rays continues to
That was also the spirit that drove Prof. Sreekantanelude us. In the absence of the direct detection of
and his colleagues ifIFR to develop a number of primary cosmic ray sources, owing to their deflection
state-of-the-art instruments and detectors [2], startingin the galactic magnetic field, precise measurements
with small to the world lagest cloud chamber for  of the enggy spectra of dferent nuclear components
studying the interaction of hadrons in high @yer over a wide engy range could be helpful in
interactions which lead to many interesting deciphering the process of the acceleration of high
phenomena to be observed, including the first hint of enegy cosmic rays and their propagation.

rising hadronic interaction cross-sectionTatV
enegies [3].This result was soon verified by the then
newly built colliding beam accelerat¢8R at CERN

in Geneva, Switzerland.

At enegies< 300TeV, the direct measurements
made by using the detectors flown aboard balloon
and satellite borne platforms have provided crucial
information on the composition and the aner

The discovery of pulsars and their identification spectra for various nuclear groups [5]. Howetlee
with rapidly rotating neutron stars with huge magnetic results obtained from the direct measurements above
fields made them a natural candidate for the sourcesl00 TeV suffer from limited statistics, due to the
of high enegy particles in the galaxyhis lead to a  practical limitations on the size and weight of the
suige in world-wide experimental fefts to detect  space-borne detectors, which restricts the exposures
TeV y-rays from these objects in the seventies. to < 10°mh. The indirect measurements on some of
Employing the atmospheri¢erenkov technique, a the components of an extensive air shower (EAS)
major experimental inittive was launched at Ooty such as the electrons, the muons, the hadrons, and
using a number of parabolic reflectors to search forthe ¢~erenkov photons using the groubdsed
y-rays from pulsars, such as the ones in the CRABdetectors, are the only available method for the study
andVELA supernova remnants. Rapid improvements of the primary cosmic rays, wherein the exposure
in the sensitivity of these telescopes followed in the
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factors of >10m’h are achieved [61]. However the direct measurements was achieved, that helped
with the exception of th&ibet-ASy andARGO-YBJ in the selection of a specific hadronic interaction
experiments [8, 9], the errthresholds for most of  generator as the preferred model, for the simulation
the EAS arrays are significantly higher than the of the EAS at engies ~ 100-1000¢eV. It is well-
highest engyy cosmic rays observed in the direct known that the correlation between the shower size
measurementslhis is primarily due to the lge N, and the muon contef, is a sensitive probe of
atmospheric overburden at the observational sitesthe composition of the primary cosmic rays.

but also owing to the practical constraints, such as
the lage interdetector separation in the shower arrays
and the relatively smaller areas of the hadron and/o
the muon detectors, that contribute to the higher
threshold engjies. Equally significantlythe results
obtained from the observation of the EAS are strongly

dependent on the details of the hadronic interaction . ) L
generators used in the Monte Carlo simulations Ofpredommantly contribute to the lower multiplicity
region of the MMD, as opposed to the heavier nuclei,

namely aluminum (Al) and iron (Fe) etc. that

Due to the absence of the data from the dominate the high multiplicity region. On the other
accelerator experiments at 1000 TeV in the hand, the medium nuclei such as the carbon, nitrogen
laboratory frame, especially in tHerward region and oxygen contribute to the mid-multiplicities in the
relevant for the propagation of the EAS in the MMDs. This fact may be readily understood, if one
atmosphere, the details of the assumptions made ogonsiders two primary cosmic rays, namalproton
the enegy dependence of various interaction ‘H’ and an iron nucleus ‘Fe’, each having the same
parameters, have a major impact on the final outcomeprimary enegy E,. The Fe nuclei would break up in
In the past, dierent characteristics of an EAS, such the very first interaction producimgnucleons each
as the shower size (Nthe electron-muon or the of which carrying an engy of ~E/A, whereA is the
electron-hadron correlations, tigeerenkov photon  mass number of Felherefore, the subsequent
density etc. have been exploited, for determining thehadronic interactions of thege nucleons would
nuclear composition and the eggrspectrum at produce a lager number of chaed pions of
1000TeV. Unfortunately the enagy dependence of systematically lower engies than those produced
these components for téfent hadronic interaction in the interactions of H of the same primary eyer
generators are often significantlyfdifent. Therefore, = Therefore, the pions in the Fe initiated EAS would
it becomes necessary to validate a combination ofmore likely decayproducing a significantly lger
these observables along with a hadronic interactionnumber of muons than in an H initiated EABese
generatqgrby having an overlap with the results from intuitive aguments are supported by the results of
the direct measuremenfghis objective has been the detailed Monte Carlo simulations as would be
rather dificult to achieve for most of the air shower shown subsequently
experiments, due to a variety of practical reasons,
some of which have been outlined above.

The GRAPES-3 observations of the muon 'h€ cosmic rays are the highest gygarticles that

multiplicity distributions (MMDs) [60, 61] for several '€ presentin the nature with egies exceeding 0

shower size ‘N groups, have been used to obtain €V The highest engy cosmic rays have been
the enegy spectra of various nuclear groups in the extensively studied over the past several decades, but

primary cosmic ray flux in the ergy range ~ 100- their origin is-yet to be clgarly understpod [TPhe
1000TeV. Therefore, a sizable overlap in the eyer current theories of the origin of the highest gger

range ~ 100-300eV of the GRAPES-3 data with cosmic rays may be broadly classified into two
distinct categories, namelyhe “bottom up”

The recent results from the Monte Carlo
rsimulations have shown that the shape of the MMD
measured with a lge area muon detector possesses
excellent sensitivity to the composition of the primary
cosmic rays [10]This is primarily because the lighter
nuclei, such as the proton (H) and helium (He) etc.

the observed components of the EAS.

1.3 Diffuse yRay Flux ~ 100 TeV
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acceleration based models, and the “top-down” decayand the ultra-high engy (UHE, ~ 100TeV) y-rays.
scenario. In the “bottom up’scheme the chaged In principle, this connection may be exploited for an
particles are accelerated from low to high gies indirect study of the highest emggrcosmic rays.
under very special astrophysical environments. SomeAbove the GZK cutdfaround 4 x 18eV, the protons

of the examples of this approach includdiive have a relatively short path-length beforefestiig
acceleration in supernova shocks, active galacticphoto-nuclear reactions with the photons of thé 2.7
nuclei (AGNs), powerful radio galaxies, or the K universal cosmic microwave background radiation,
acceleration in the strong field associated with the relic of the big banglhe produced pions and
rotating neutron stars having high surface magneticother mesons decay into the electron, the photons and
field. In contrast, the “top-down” invoke production the neutrinos. Bethe-Heitler pair production in this
of highest enayy particles from the decay of photon field is also an important mechanism [21].
sufficiently massive particles that had originated from Since the electromagnetic decay products, namely
the physical processes occurring in the early universethe photons and the electrons also have a relatively
thereby no acceleration mechanism is required [13].short path-length in the photon field of the cosmic
microwave background radiation, electromagnetic
showers develop in the universe as a consequence of
the presence of the cosmic ray particles above the
GZK cutoff. The observation of the UH¥rays that

are the final outcome of the eggiross processes of

R ) ) the extremely high engy cosmic rays in the 2K

sr* century expecteq of thesg particles [14, 15]. background [22, 23] becomes an interesting probe of
Recently two new giant experiments, nametjie this mechanism. Extensive calculation have shown

_IP_lelzrreAuegAer Ob_?:rv;l;orryl/ (A?OQ [16] z?[nd th?[h that the flux of 10-100eV y-rays is within the reach
elescopeArray (TA) [17] have been set up wi of the planned-ray telescopes [24, 25].

effective collection areas in excess of 1000 kon
the study of the highest eggrcosmic rays. Since Therefore, the presence of the UNEay

the magnitude of the interstellar magnetic fields arecomponent in the cosmic radiationfefs an
insufficient to confine these particles to within the interesting possibility for further investigation.
galaxy the sources of highest eggrparticles are  Specially since itis possible to envisage the scenarios
expected to be of extra-galactic in natlilee recent  where the production of the cosmic rays is
results from the RO indicate that the hypothesis of accompanied by the electromagnetic showers that
a single power law beyond tlaaklein the cosmic  might generate a sizable flux of the UNEays in

ray spectrum is not valid and their data are consistenthe universeThe study of thg radiation is of course
with the existence of the so called Greisen-Zatsepin-extremely important in it its own right, because being
Kuzmin (GZK) cutof [18, 19] beyond the engy of neutral radiation, they are completely deafed by

4 x 10°eV [20].An important corollary of this result  the intervening interstellar and/or ingaactic

is the lage reduction in the flux of the highest emer  magnetic fields and thereby retaining the sense of
cosmic raysTherefore, the cosmic ray flux would their original directionTherefore, theirays have

be lower by more than a factor of ten at’ BY, as the potential to provide significant information on
compared to the earlier estimatd@herefore, the the sites of the production and acceleration of the
number of events recorded, even by these gianthighest enayy particles in universe.

experiments would be drastically reduced, thereby
making the task of their study at the highest giesr
enormously more ditult.

The study of the highest eggrcosmic radiation
has been vigorously pursued, by using severgélar
area extensive air shower (EAS) arrays with
collection areas exceeding hundreds of*kto
directly detect the extremely low fluxes ©fL knt?

There are a number of possible candidate
sources for the production of thefdge flux of UHE
y-rays. Some of theonventionalscenarios for the

However there is a direct and intimate production of theserays include; (i) the unresolved
connection between the highest ggyecosmic rays  point sources, such as the distant active galactic nuclei
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(AGNs) and the powerful radio galaxies etc., which monopoles, superconducting cosmic strings etc.,
in addition may also be the sources of the extremelywhich may have formed in the symmetry breaking
high enegy cosmic rays, (ii) the decay of the mesons phase transitions associated with the grand unified
produced in the collisions of the cgad cosmicrays theories in the early universe [28§ X particle could
with the interstellar and/or the ingadactic gas and  be along-lived metastable swaassive relic of non-
dust, and finally (iii) the electromagnetic showers thermal origin, which may be produced through the
generated in the interactions of the extremely highvacuum fluctuations during a possible inflationary
enegy cosmic rays with the cosmic microwave phase inthe early univergefraction of such particles
background photons. decaying in the recent epoch may give rise to the

" i extremely high engy cosmic rays.
In addition to the&onventionakources, several yhig oy y

unconventionaastrophysical phenomena have been In the process of the collapse or the annihilation
proposed that could produce afdfe y-ray flux at of the topological defects, the integyalay flux at E
the UHE enagies. For instance, it has been speculated< 100TeV is expected at the level of #00?%of the
that the highest engy cosmic rays may not be cosmic rays fluxThese values were obtained by
produced by any acceleration mechanism, but couldtaking into account only the cascading in the field of
be the decay product of some supexssive particles  the cosmic microwave background radiation. Due to
(generally termed the X particle) with massni 0" the absence of definitive information about the level
GeV that can have ergies up to ~ m Therefore, of the universal far infrared radiation, its role in the
no acceleration mechanism is invoked to explain theattenuation of thei-ray flux is rather unclear
highest engyy particlesThe massive X particles may Howeverin the present discussion for the application
have originated in the high eggrprocesses in the of the SUSY GUT model, the far infrared radiation
early universe. Such aanconventionalnon- may also have a major impact on the obseywey
acceleration, “top-down” decay mechanism as flux and its characteristic erggr could come down
opposed to theonventionatbottom-up” acceleration by two or three orders of magnitude €00.1TeV.
mechanism has significantly fiifent predictionsthat Thus as a result, the flisey-ray flux produced by
may be experimentally verifiable [13]. the extragalactic cosmic rays would be drastically
reduced and could become undetectable with the

In the top-down scenario of the origin of the present generation of detectors.

extremely high engy cosmic rays, the X particles

typically decay into quarks and leptoitie quarks As explained above, the highest ggyechaged
undego hadronization, producing jets of hadrons cosmic rays during their passage through the
containing primarily light mesons with a small intergalactic medium interact with the ubiquitous
fraction of baryonsThe pions decay into photons, cosmic microwave background photons, resulting in
electrons and neutrindBherefore, engetic photons,  the production of the pions including tme s and
electrons and neutrinos together with a small other short-lived meson3.hese interactions and
percentage of nucleons are directly produced withdecays occur repeatedly during the propagation of
enepies going up to ~ m without invoking any  the cosmic rays over cosmological distances, resulting
acceleration mechanism. For these decay productsn a relatively rapid loss of primary eggrieading to

to be detected, either the X particles should decay inthe occurrence of the so called Greisen-Zatsepin-
recent cosmological epoch, or the decay should occuKuzmin or GZK cutoffin the primary cosmic ray

at distances 100 Mpc from the Eartfihe nature of  enepgy spectrum at ~¥®V[18, 19]. One of the end-
the X particles is also a subject of considerable products of these meson decays areytteys, the
speculationThe X particles could be superassive  electrons and the positroriBhe interaction of this
gauge bosons, Higgs bosons, stipeavy fermions  electromagnetic component in the photon field of the
produced from the collapse of the cosmic topological cosmic microwave background plays an important
defects such as the cosmic strings, magneticrole through the following QED processes, namely
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(i) the pair productioryy — €'e, (ii) the inverse In the recent times have placed stringent upper
Compton scattering of electrong e vye, (iii) the limits on the difuse flux ofy-rays which appear to
electron pair production via virtual photons-e €~ guestion the validity of certain models in the several

e, and finally (iv) the pair productioyy - €ee’e. tens ofTeV to a PeV(10°eV) enegy region.The
However the two leading order processes, namely HEGRA collaboration had used the HEGRA EAS
(i) and (ii) dominate in the intermediate egeregion array in association with th&lROBICC array of
between 18 and 3x 10eV and above this engy atmospherig erenkov detectors to probe thefase
domain the electron pair production via virtual y-ray flux in the enegy region 65-200eV. They had
photons dominates until the double pair production placed a limit of 10 at 65TeV on the ratio of the
takes over above 7x 2@V. flux of ys to chaged cosmic rays [28]This upper
limit at the time was a factor of 4 lower than the
predicted ratio for one of the topological defect
models [27]. In a subsequent report the HEGRA
collaboration had reported an upper limit of 1.2 x
10% at 31TeV and 1.4 x 10 at 53TeV [29]. The
EASTOP collaboration had also performed an
extensive search for the filife flux of UHEy-rays
using the EAS with low muon content [30]he
CASA-MIA collaboration had reported sensitive
upper limits on the difise flux ofy-rays in the engy
range 500reV to 50 PeV31].

As a result of the above mentioned processes,
for distances of 100 Mpc or more become opaque to
the propagation of the UHfrays, and electrons due
to the above mentioned interactions in the
intergalactic medium. In summarhese interactions
transfer the engy of the primary cosmic rays into
they-rays of progressively lower emgrand that in
turn produce & € pairs in the cosmic microwave
background field, until the center of mass gyer
drops below the*ee pair production thresholdhis
occurs at ultra-high engres (B < 100 TeV).
Thereafter the universe becomes relatively 1 4 Solar Flares, Coronal Mass Ejections
transparent to the propagation of fhrays of enagy
~ 100TeV. Thus a pileup of thg-ray flux around ~ The solar flares and coronal mass ejections (CMES)
100TeV s expected. Since the sources of the highestaccelerate chged particles through a variety of
enegy cosmic rays are expected to be located atmechanisms, which may be constrained through
cosmological distances and therefore would be Observations at high emges (> 10 GeV)The Sunis
isotropically distributedThe resultant UHE-ray flux the closest astrophysical source accelerating particles
would constitute a difise and nearly isotropic o GeVand possibly higher erges, yet there is very
background’]’herefore’ itis important to measure the limited Understanding Of, and little consensus on, the
flux of diffusey-rays at the UHE (f < 100TeV) as sites and processes leading to the production and
a probe of the astrophysics of the cosmic rays at theacceleration of engetic particles associated with the
highest enajies [24, 25]. solar flare activity [32, 33].

A measurement of the ratio of intensities of the The available data obtained so far have shown
diffusey- and cosmic rays in the eggrregion 20-  that the solar flares and CMEs are a complex
500 TeV has therefore become of paramount combination of a variety of physical processes
importance. Some of the theoretical estimates showinvolving the reconnection of the solar magnetic field
that at several tens @&V, the difusey-ray flux is lines due to certain instabilities occurring in the
enhanced as a result of the electromagnetic cascadinghromospheric and coronal regions surrounding the
from the interactions of the extremely high gyer ~Sun. In some cases, the solar flares are observed in
(~ 10°eV) cosmic rays with the cosmic microwave association with the CMEs. Howevero such
background in the bottom-up [25], as well as, in the association between these two phenomena is seen in
top-down models [27]. Howeveexperimentally it ~ anumber of other instanc@he relationship between
is an extremely difcult proposition to distinguish ~ the emission mechanisms responsible for the solar
the y-ray from the chayed cosmic ray induced flares and CMEs is an area of active research and

showers with the ground based observations. much debate [34]. Solar flares are among the most



High Enegy Astroparticle Physics at Ooty and the GRAPES-3 Experiment 833

enepetic events to occur in the solar system, releasingmpulsive and gradual flares is not always valid. It

vast amounts of engy (~ 16° J) on relatively short  has been gued that the mechanism(s) responsible
time-scales (~ &).The solar flares give rise to the for impulsive events may also accelerate ions in some
emission of a variety of radiation ranging from radio, gradual events leading to a heavy ion rich impulsive
micro-wave, optical, soft and hard x rays gmdys composition in those cases [4&lternatively in some

of up to several MeV including theray lines dueto  instances, shock acceleration could play a significant
nuclear de-excitation. Engetic solar particles role in the acceleration of the particles in impulsive

contain electrons and ions which are accelerated inevents.This hypothesis has been borne out by the
the solar flares [35]. observation of a CME in association with an

impulsive flare on 1 May 2000 [44].
Solar flares are classified into two broad P y [44]

categories, namelygradual” and “impulsive” flares. While the primary particles generated in a solar
The gradual flares occur higher up in the corona andflare are chaged, and are accelerated in the solar
generally last for a longer duration of time and are convection zones which serve to transfer gné¢o

also spread over a fgar geographical region on the the interaction regions in the chromosphere,\the
Sun.The gradual flares are also associated withray and neutron emission provides information on
CMEs and are accompanied with soft and hard x-raythe interaction between solar egetic particles and
emissionThe ions accelerated in the gradual eventsthe ambient medium around the Sun. For example,
display a composition which is rather similar to that the temporal profiles of theray flux at diferent

of the coronal abundancekhe impulsive flares on  enegies provide a wealth of data on the interaction
the other hand are believed to emanate from theof various particles and their entrapment near the Sun.
regions closer to the Sun in the chromosphere and/oiThe continuuny-ray emission is produced due to the
lower corona; the emission takes place for a shortetbremsstrahlung from high empr electronsThe
duration of time and over a relatively compact bombardment of the chromosphere by high gper
geographical regiohe composition of the ergatic ions leads to the excitation of the ambient matter
ions in the impulsive events displays a very significant resulting in the emission gfray lines in the MeV
enhancement of the heavier nuclei as compared tadegion due to the nuclear de-excitation in the
the coronal abundances by an order of magnitude occhromosphere [45]. On the other hand, solar neutrons
more. In the case of helium, the ratide/He, is provide crucial information on the interaction of
observed to be ~ 1 as compared to the coronal valuenegetic ions, as the neutrons escaping into the
of ~ 10° [35-38]. interplanetary medium can be observed as decay

. : protons or electrons by the detectors in space, and in
Based on the observations, it appears that the

_ X rare cases, through the recoil protons in the ground-
IOI.‘IS in the gradual events are accelgrated by a CM ased NMs. Howevetthe NMs mostly observe
driven shock frontThe shock frontlltself may b_e secondary neutrons produced by the interaction of
formed as a result qf the 'r'nagnetlc reconnect'lon,primary protons with air nuclei.

induced due to some instability in the coronal region.

In the case of the impulsive events, several processes  In terms of the requirement for the eger
have been proposed for the modeling of the turbulentbudget, the conversion of the magnetic potential
acceleration of particles in the flare regiotnc®astic  enegy into other forms, during the process of
acceleration involving interaction of the particles with magnetic reconnection [46, 47] provides a viable and
plasma waves gives a reasonable fit to some of theattractive possibility to accelerate particles to several
features of the engy spectra and the abundance tens of GeMn arelatively short tim&herefore, there
ratios for several ions in the impulsive solar flares is a great deal of interest, in exploring the gger
[35, 39-42]. Howeversome of the recent observations spectrum of the particles emitted during the solar
have shown that this canonical scenario dedant flares, over a broad range of emerThis becomes
acceleration mechanisms and characteristics for theespecially important in view of the fact that the NMs
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operating at high rigidities have only rarely recorded flare activity in x rays, although with somewhat
high enegy events above 10 GeXs in the other limited statistical significance [38]. One of the
branches of astrophysics, a significant advance in thesignificant detection of a muon burst was by the
understanding of the phenomenon of the solar flaresBaksan group which occurred on 29 September 1989
is unlikely to occur in the absence of multi- at an enayy of > 200 GeV indicating possible
wavelength observations with a variety of ground- acceleration of the solar protons to several hundreds
and space-based instrumeiitsis approach has been of Ge\V. Howevey the direction of this muon burst
successfully employed in the case of thgdasolar  did not coincide with the direction of the Suttso

flare that had occurred on 29 September 1989 [45]. the enhanced muon flux was observed after a delay
of a couple of hours after the impulsive phase of the
associated solar flare [49, 5The delayed arrival of
the high enagy solar particles opens up the
possibility; in at least some of the solar flares, of the
acceleration of high engy protons and ions after a

GeV v b ored th h the studi ith significant delay following the initial impulsive
€V, can only be explored through the studies, wi phaseTheAGASA group had reported the detection
the network of NMs and muon telescopes located at

f h d flux of t during the sol
various sites around the worl@ihe highest engy oran ennanced Tux of prompt muons gurning the sofar

_ , _ flare of 4 June 1991, which they claimed was due to
of the particles accelerated during the solar flares is

. the arrival of the solar neutrons of P 10 GeV
one of the decisive parameters that can be used t e

) . . _ ?51]. The L3 group, using their precision tracking
dlffgrentlate am.ong' various possible .models of muon detectors at CERN, have reported the detection
particle acceleration in the Sun. Observations of flare

particles show spectra with cutat enegies beyond of a significant excess of muons in association with
a few GeV which have to be understood on the basisthe solar flare of 14 July 2000 [52].
of the models of particle acceleration. Observations The occurrence of the solar flares and the CMEs
carried out using the detectors with high sensitivity result in a sudden injection of high eggmplasma
opens up the possibility of search for particle fluxes with frozen-in magnetic field lines into the

at high enagies near the cutb&ind/or the shape of interplanetary spac&@his phenomenon leads to the
the enegy spectrum near such cufef Such  formation of a shock front in the interplanetary space
measurements may provide new constraints onsurrounding the SurnThe electromagnetic field
models of particle acceleration in solar flares. present in the plasma acts as a potential barrier for
However the galactic cosmic rays constitute the the incoming cosmic radiation, when the shock front
dominant background for the detection of the high passes in the vicinity of the Earfks a consequence,
enegy (above tens of GeV) solar particldhe the observed rate of the secondary particles (neutrons
detection of the secondary muons (produced in theand muons etc. produced by the primary cosmic rays)
atmosphere by ergetic solar particles) with the inthe atmosphere of the Earth registers a sudden drop,
surface and the undgound muon telescopes with which is termed “Forbush decrease (Fd)” [5S@}e
good directional capability is an important tool to passage of the Earth through the shock front results
probe the high engy end point of the engetic solar  in the sudden commencement of a geomagnetic storm.
particle spectrum. It has been pointed out that muonSeveral variants of the shock models involving
detectors with relatively good angular resolution may ordered and/or turbulent magnetic fields have been
be able to observe the egetic solar particles at ~ proposed to explain the phenomenon of Fd [54].

100 GeV

While the satellite-borne detectors with high
sensitivity such as the instruments aboard the
Advanced Composition Explorer [48] provide
excellent measurements at sub-Gensegies, the
enegy range spanning from a few Ga¥ tens of

The Fds are characterized by a rapid decrease
In the past, there have been several reports of(~ 5-15 %) in the intensities of the observed muon
the detection of the bursts of muons which were and neutron fluxes at the Earth with an onset time,
nearly coincident in time with the associated solar ranging from several hours to about a.dHyis is
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followed by a relatively slower recovery time, ranging in the active sunspot region 10486 in the east of the
from about a week to several monthise magnitude  central meridian of the SuAn intriguing feature of

of a Fd is defined as the fractional decrease in thethe solar flare of 28 October 2003 has been that the
intensity of the muon/neutron flux from its quiescent earliest arriving particles were recorded by the
value. The magnitude of the Fds is observed to neutron monitors (NMs) viewing the anti-sunward
decrease with increasing rigidifyhe Fds also display  direction.Also the enhancement in the nucleon flux
some correlation with thellyear solar cycleThe continued for a long duration of time (~ 20 h) until
occurrence of the Fds is generally accompanied bythe fast moving (mean velocity ~ 2200 km/s) coronal
the observation of Ige anisotropies in the flux of mass ejection (CME) shock front arrived at the Earth.
the cosmic radiation [54]The phenomenon Two distinct components, namely prompt and a
responsible for a Fd evolves as it propagates farthedelayed one, were observed by the global network of
into the heliosphereThis evolution results in a Earth-based NMs [58]. Detailed modeling of gjeat
gradual increase in the onset and the recovery timegarticle propagation in the interplanetary medium
with the heliocentric distanc&.here have been permeated with magnetic fields to explain, the
suggestions that the cosmic ray modulation with thedelayed and the prompt components of the solar
11-year solar cycle could be a result of the cumulative particles, observed by the worldwide network of a
effects of the Fds occurring over a long period of large number of NMs, has also been attempted. Here
time [55]. one exploits the delays in the onset of the rate
increases seen in the NMs, to estimate that the path-
. length of the relativistic protons from the Sun to the
detectors in general, have a very poor angularEarth to be ~ 2.2U. This model implies that the

resolution. Therefore, the information on the acceleration of the protons in the flaring region is

S'reCttlﬁ nal del(pj)er_lgence; of tEe deS 'S uoslubally (()jblt\la’:/r:edfollowed by their transport along a stretched magnetic
rom the worldwide network of ground-base S field loop (~ 2.2AU) to the Earth. During this period

located all over the Earth, with the help ofappropriatethe Earth was located at the interface of the

moq?_llng_tet(;]hn|ql:§fs_ [5§t 571:[thtrjlwe,velue o tr}f interplanetary CME and a co-rotating stream from
variation In the cutgmgidity i € geomagnelic o sun.The direction of the loop from the anti-

Itatltuo_le of;:le S|te,tvt::]r|ous '\:(MS ;ﬁSPOt”dmt”tlY fsunward direction was used to explain the direction
tE agtl)ven dtzlve'z[n » IS mha tlng el_ln frgre Z'ong Ef the radiation and the anisotropy seen in the NM
€ observed data somewnhat complicated and Mod€y .5 The onset of the Fd started in the wake of the

dependent. Howey,ea single monitor with a goqd fast CME on 29 October 2003 nearly 20 h after the
a_ngular resolqtlon may be able tg prgwde start of the X17 class solar flare at 09:51 UTC on 28
simultaneous information on the dlre.c'tlonal October 2003. Concurrent observations of sub-GeV
dependence of the observed Fd. In addition, theSolalr neutrons using several NMs and of splays

d_e_tep tors Iocated_ near the geo_magngtic equatpr havﬁom INTEGRAL satellite have been made with good
rigidity cutoff, which varies rapidly with the arrival statistical significanceThe correlation in the time

C!II’%('.,‘;[IO(;I, thuz perml‘t]ct[[rrl]g ;h? nlezslgéefment Of_ thle profiles of the solar neutrons and thelys was used
rgidity dependence ot the detecte rom a SiNgi€4 conclude that the solar neutrons and/ttag's were

nstrument. produced at the same time [59].

The ground-based NMs and space-borne

G V'I;jhe_searrc]:h for -the ehmlssmr} of [l)rot]f;ngtﬁ‘(_) The arrival of the CME on 29 October 2003, ~
€ uring the active phase of solar flares is an 20 h after the start of the X17 class solar flare at

important activity using a lge area tracking muon 09:51 UTC on 28 October 2003, started the onset of

telescope of the GRAPES-3 experiment. Protons were, lage Fd. New information on this Fd has been

accelerated during the solar flare on 28 October 2003

41:10 UTC v 80 min after the detecti provided by the GRAPES-3 experimenthe
around 2.2 nearly b min ater the detection magnitude of this Fd as measured by the GRAPES-3
of this flare in the x ray3.his solar flare had occurred

experiment is ~ 8 % and a comparatively short onset
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time of ~ 10 h and thereafter the recovery phase ofthe arraythe observations were started in early 2000
the Fd commencedhe onset and recovery phases with 217 detectors located within the inner 8 rings
of this Fd display a rich time structuiiéhe tracking ~ which now have increased to 400 detecfimextend
feature of the muon telescope has shown a systematithe dynamic range of the primary egerit was
time shift in the onset of the Fd on a time scale of andecided to measure the density of the particles in the
hour By exploiting the tracking feature of the muon EAS with an enhanced range of up to 5000[&0].
telescope for analyzing the rigidity of the incoming
particles, the rigidity dependence of the magnitude
of the Fd has been estimated [32].

Certain aspects of high emgrcosmic ray
astrophysics require correlated studies of the electron
and the muon components of air showers, ngmely

With the passage of time it has been realizedthe search for cosmic ray sources throyetay
that measurement of as many components of the EASstronomy and studies of the variation of the nuclear
as possible holds the key to the future success of theseomposition of the primary cosmic rays with egyer
studiesThe electrons, in an EAS are the most studiedWhile studies on the electron component provide
component for getting information on the shower basic information on the arrival direction and the
particularly for generating the triggedetermining  enegy, it is the muon component that plays a crucial
the arrival direction and for estimating the eyeof role in distinguishing anmaryy-ray from a chaged
the primary particleA measurement of the lateral cosmic ray particle and in determining the
(radial) density distribution of the particles in a compositionA large area (560 fjy tracking muon
shower using an array of unshielded gearparticle  detector of the GRAPES-3 experiment, operating at
detectors provides a good estimate of the observedDoty in southern India, was designed for the detailed
number of particles in the showebDespite  studies on both of these aspects of cosmic ray
considerable fluctuations in the development of astrophysics.
individual showers in the atmosphere and the _ . _
differences in the development profile forfeient 1.5 Role of Muonsin Composition Sudies

primary nuclei, the shower size ¥ knowntobe a  opservational studies during recent years have
good parameter for estimating the primary e t4cysed on two aspects of cosmic ray astrophysics,
a shower Practical and economic constraints limit namely the direct studies on the sourcesyafys

the number of detectors deployed in a shower array g the indirect studies on the nuclear composition
thus providing only a sampling of the particle density f the cosmic rayslthough the importance of studies
at a limited number of points. Even in good shower ¢ Ty cosmicy-rays for high engy cosmic ray
arrays, for example, the CASA-MI82], theTibet  4gtrophysics was highlighted in the fifties [66-68],
ASy [63] and the KASCADE [64] arrays, the he fig|d of ofTeV y-ray astronomy advanced only in
detegtlon area does not. exceed about.l percent of thg,o eighties [69] followinghe breakthrough provided
physical area over which the array is spread out.by the development of the imaging technique [70].

However this is an important parameter which Tpjs was essentially due to arfigent rejection of
contributes significantly to the accuracy of the {40 lage background of chged cosmic rays.

mgasurement of shower size (an.d Con_sequen“ySimilarly, at higher engjies (10-10° eV), another
primary enegy) as well as the arrival direction, preakthrough has been sotigh the use of the muon

particularly fory-ray astronomyWith similar  component [71, 72] for identifying theinitiated
considerations in mind, the GRAPES-3 EAS array ghowers in the presence of aglflux of showers

has been designed to have one of the most compagj e tg the chaged cosmic raysThe ChicagoAir
configurations of conventional type arrays with only ShowerArray (CASA) in association with the

8 m separation between adjacent detectors that argsichigan MuorArray (MIA) was the first experiment
arranged in a symmetric hexagonal geom#ttyile 1, ;5e an array of Ige area muon detectors to search
the final taget is to have 15 rings with 721 detectors, [73] for muon-poor showers as a signal from potential
covering a distance of up to 120 m from the center Ofy-ray sourcesThe EAS-TOP[74], the KASCADE
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[64, 65] and the GRAPES-2 [10] are the other recentfrom the point of view of cost and optimization
experiments using either adg@ar@ muon detector according to the specific requirements of a given
or an array of muon detectors with the capability to experiment. In addition, a home-grown capability
observe the muon-poor showers. Howewbe allows rapid in-house repairs in the case of
GRAPES-3 experiment [61] with its singledararea malfunctioning of the equipment, future
(560 nf) muon detector is attempting to reach a improvements and continuous customization to suit
significantly higher level of sensitivityotthe y- the physics needs of the research actiVitys is not
initiated showers based on their small muon content,something new but was the philosophy followed by
particularly at the sub-Pedhegies, lower thanthose Bose and Bhabha while laying the foundation of
achieved by the CASA-MIA experiment. modern research in India as briefly mentioned at the

start of this articleThis was also the rationale for

The th(?n tcomggnerlt has bejn, studied in recfenbuilding a series of increasingly sophisticated cloud
experiments in two dierent ways. Using an array ol ., mpers to study the interactions of high gper

_mcl;_o_r(lj deiter::tors, t?e muo_nt3|zet.|s deter{rr:|nle? folrhadrons in Ooty [2]. In the following we summarize
individual Showers from an integration overtne lateral o e of the technological achievements that led to

dlstrlpgtlon function as T'tted to the observed muon the development of high quality plastic scintillators.
densities, for example in the CASA-MIA [62] and

KASCADE [64] experiments. Using a singledar The plastic scintillators are used extensively in
area muon detectpsuch as in the EASQP the detection of chged particles in the experiments
experiment [74], the muon size has been estimatedn the fields of nuclear physics, high egpephysics,
for individual showers from the lateral distribution space physics and cosmic ray physics. In India high
function obtained from a fit to the data. On the other quality plastic scintillators are not available and have
hand, the GRAPES-2 [10] experiment had made ato be imported from abroad. High quality refers to a
detailed study of the muon multiplicity distribution high light output (~ 50-60 % of anthracene) and good
in an attempt to obtain the flux of the light nuclei transmission of photons (attenuation length 50
(H+He+CNO groups) and the heavy nuclei (Si+Fe cm). The imported scintillators are prohibitively
groups) in the cosmic rays almost independently expensive and therefore involvedarexpenditure.
Pursuing the strategy of the GRAPES-2, the Worldwide, only a handful of manufacturers, located
GRAPES-3 collaboration has constructed gdab60 in the USA, Europe and Japan supply plastic
nY area, muon detector to study the muon multiplicity scintillators. In addition, sometimes there are certain
distribution for showers over a wide eggrrange. complications in importing these scintillators. For
. setting up the GRAPES-3 experiment, in principle,
1.6 Development of Cutting Edge Detectors and o requirement could be met by importing plastic
Electronics scintillators. But we decided against this easier but

With rapidly advances in the detector technology and €Xtremely expensive import option. For example, the
specially in the area of signal processing and datahigh quality Bicron scintillator (BC-400 series) costs

recording it has now become feasible to set igelar @PProximately Rs 100,000/~ per‘rhus for 1000
experimental facilities that were unthinkable even a ™" Of plastic scintillator for the GRAPES-3
decade bacls in other areas of science the progress €xPeriment the import bill would have been
in astroparticle physics is governed by the Substantial.

technological advances but with an additional In the year 1998 an R&D program with the goal
requirement for a lgre number of instruments 4 gevelop high qualitfow-cost plastic scintillators
(channels)Therefore the development of the state- 55 started in Ootysince the bulk cost of styrene is
of-the-art equipment that is detectors and signaljoy, we decided to purchase the basic raw material
processing electronics is a key to the success in thigy the form of polystyrene granuleBhis was done

field of research. Such an indigenous research andy ayoid the problem of inhibitors in liquid styrene.
development activity &érs numerous advantages
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Polystyrene granules were doped by the manufactureheight below this threshold are rejected. Signals
with para-terphenyl and POPOP in specified above the threshold trigger the discriminator and
guantities at the time polymerization as the primary produce an output pulse of standard height and user
and secondary scintillant§o the best of our defined width. Since there are no indigenous
knowledge no literature is available that describes manufacturers of fast amplifiers and discriminators,
the methodology for making high quality plastic therefore, every experimenter is forced to import these
scintillators from raw input. Since the casting of the units from abroadThese units are very expensive
high quality plastic scintillator in the form of sheets and cost ~ Rs 5000 per channel. Since the requirement
is a dificult process, any information pertaining to for the GRAPES-3 experiment is nearly 1000
it, is kept confidential by the manufacturers. channels, a goal was set to develop an 8-channel
Therefore, we had to make a start from scrafbls amplifier-discriminator module with a response
R&D effort progressed steadily over the next 3 years comparable to the best imported modules.

in several distinct phases, successfully culminating
in late 2001 with desired performandehe actual
development is described in greater detail in a later
section.

The direction of the shower is obtained from
the accurate measurements of the arrival time of
shower particles in the EAS arrdyhe arrival times
have to be measured to accuracies of ~ 1 ns. Multi-

As already mentioned earlier the success of thechannel time to digital converters (TDCs) are used
experiment also critically depends upon the to perform this task to a precision of ~ 0.5 ns. lectf
availability of high speed signal processing theTDC is a fast stop-watch with sub-nanosecond
electronicsThe photons produced due to passage ofaccuracy and a lge dynamic range with fast
the chaged particles through a scintillation detectors conversion time. Since there are no Indian
are converted into an electric pulse by the photo-manufacturers, thEDC modules have to be imported
multiplier tubes (PM3$). Intrinsically fast response in large numbers at a very high price. Howewer
(~ 1 ns) of a plastic scintillator can only béeefively more serious constraint arises from the fact that in
utilized if the subsequent signal processing the case of a failure it takes a long time to get the
electronics has an equally short response firhe. imported equipment repaired. In the GRAPES-3
analog signals from PMsThave to be amplified and experiment where a lge¢ number of DC modules
then converted into a digital signal by discriminators are used the probability of a failure is not at all
for subsequent usA. discriminator is operated at a insignificant. Therefore, the development of high
user selected threshold and all signals with a pulseperformancelDC had become a necessity for the
success of this activitySpread over a period of 5
years we had developed two models of TR¥Cs
based on a application specific integrated circuit
designed at CERN, Geneva called T2C32 and
HPTDC, respectivelyThe TDC32 based module
contains 32 individual channels and it can measure a
maximum time interval of up to 1 ms with a precision
of 0.5 nsThe HPTDC based module with 32 channels
can measure an interval up to B8 with 100 ps
precision. In the subsequent discussion some of the
salient features of these R&D activities are
summarized.

Fig. 1: A view of the high energy cascades developing in the largest
cloud Chamber ever built
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2. The GRAPES-3 Experimental Setup area muon detector has been designed for the studies
. on the composition of the primary cosmic rays and
2.1 Thelnitial Array studies on cosmic sources of muléVly-rays. Lage

The GRAPES-3 (Gamma Rastronomy at PeV area muon detector is alsoquered for the

EnegieS Phase-3) extensive air shower (EAS) arrayOPservations on muons [32] produced by lower
[60] has been designed to have one of the mosNeBY protons which are tdcted by the phenomena

compact configurations of the conventional type occurring on the Sgn, guch as the.solar flares and .the
arrays with only 8 m separation between adjacentc0ronal mass ejections leading to magnetic
detectors that are arranged in a symmetric hexagonafisturbances around the Earth.

geometry The final taget is to have 15 rings with Each of the older shower detectors consists of
721 detectors, covering a distance up to 120 m fromgor piocks of plastic scintillators, each 5 cm thick
the center of the arrathe observations were started 5,4 50 x 50 ciin area placed inside a square
in 2000 with 217 detectors located within the inner 8 5juminum tank as shown in Fig.A45 cm diameter
rings.The GRAPES-3 experiment is located at Ooty photomultiplier tube (ETL9807B) is mounted on top
(11.#N latitude, 76.7 longitude and 2200 M 4 trapezoidal-shaped aluminum cone, with its face
altitude), a popular mountain resort town in southern ¢ 5 height of 60 cm above the scintillator surface.
India. The GRAPES-3 EAS array shown in Fig. 2 at e jnner surfaces of the tank and the cone have been
present time con_3|sts of 400 plagtlc scintillator painted with supewhite (TiO,) paint to increase the
detectors, each 1’rm areaA schematic of the array  efiiciency for collection of difuse photons at the

is shown in Fig. 3, Yvhere .each scintillator detector is photomultiplier tubeThe whole detector assembly
represented by a filled triangle blueand the four s covered by a lae aluminum cone to protect it from
muon supermodules are represented by filled squares,in and heating due to direct sunlighite detector

greenm. Each filled square greamrepresents a 4-  js mounted on a 40 cm height stand, as shown in Fig.
layer tracking muon detector with an egiethreshold 4 o protect it from the flowing rain wateFhis
of 1 GeV along vertical direction. Each layer consists grrangement allows a small muon telescope as shown

of 58 proportional counters (PRCs), each 6 m longi,, Fig. 4, to be placed under the detector for single
with a 10 x 10 crhcross-sectional are@his lage particle (muon) calibration.

Fig. 2: GRAPES-3 ExtensiveAir ShowerArray
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Fig. 3: The GRAPES-3 experimental system of 257 scintillator

detectors (bluea) and 4 muon detectoisupermodules (geen Fig. 4: Schematic of an old showedetector, including a muon
). Distances along X-Y-axes ae in meters telescope under detector for calibration

As shown in Fig. 4, the detectors are calibrated 2-_2 !Development of High Quality Plastic
using a small muon telescope made of two (5 cm thickScintillators
and 15x15 crharea) independent scintillator pedals

-~ ! ) . Approximately 200 detectors could be deployed in
placed inside an aluminum box with a vertical

_ _ the array by recycling the older scintillator blocks
separ.a.tlon of 5 cm between them. Each b_e'”g fu”ythat became available following the closure of cosmic
sen§|t|ve to the passage (_)f minimum ionizing ray activity in the Kolar Gold Fields (KGF) near
partlcl(.es,. a 2-fold 100-ns coincidence bet.ween f[heBangalore. Howevemany of these scintillators were
two scintillators selects almost all muons with zenith of poor quality and sééred from severe limitations

angled < 50 Most of these muons pass through the such as low photon output and poor bulk transmission

dete.ct.or Iocat.ed.abgve the muon telescope, thu%fphotons and sizable non-uniformitynfortunately
providing the distribution of the integrated-ofpafor in the nineties due to low cost of imported styrene

the passa@_le of minimum ionizing part,cl@yplcal the indigenous manufacturers stopped its production
single particle response for a detector in terms of the

Lo . completely and the group in BARC was forced to
distribution of integrated-chge (ADC value) follows

h dau distributi h bablé use imported styrene. Due to lack ofkacold storage
the Lan au, istribution [60]. 'e mqst prg a PC facilities within the countryimported styrene had to
value obtained from the calibration distribution for

be stored at room temperature. Since styrene at room

each detector is used to convert the signal Observeqemperature undgoes gradual auto-polymerization
na §hower to. equ!va.lentiumber of particlesthe the foreign manufacturers add so called ‘inhibitors’
spatial non-uniformity in the response of the detectorto prevent the process of auto-polymerization
to.sw:lglg pargc!es ar:cses %llje liOfdf’lnCES 'ré :;we Unfortunately presence of these inhibitors kills the
scint atloq eficiency from block to block and due scintillating action of styrene based scintillatdisus

to geometrical éécts. Howeverall the detectors have by mid-nineties the BARC had to abandon the

: : A o .
fairly uniform response, within ~ 10 %, over its production of scintillatorsTherefore, by this time
surface of 1 rmarea.
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there was no indigenous source of plastic scintillatorsefficient collection of photons, all scintillator surfaces
in the country The GRAPES-3 experiment was are required to be in highly polished state.
planned around this time with the aim of deploying Commercial scintillators are normally delivered with
an array of over 700 Ige (1 mj) plastic scintillators.  two surfaces in polished state but not the four edges.
As mentioned above only partial requirement of the Polishing of the scintillator is technically a very
GRAPES-3 was met by recycling old scintillators challenging and expensive proposition. Cost of
which had became available after the closure of thepolishing of the scintillator edges can be comparable
KGF but we still needed another 500-700frplastic to that of scintillator itselfiWe have also developed
scintillators. In principle, this requirement could be the necessary technique to produce scintillators with
met by importing plastic scintillators. But we decided polished edgesThe development of scintillator in
against this easier but extremely expensive importthe Cosmic Ray Laboratory at Ooty has provided a
option. For example, high quality Bicron plastic major impetus to the GRAPES-3 experiment by
scintillator (BC-400 series) costs approximately Rs providing high qualitycustomized plastic scintillator
100,000/- per at a low costTaking advantage of this development
we have also designed new state-of-the-art plastic
scintillator detectors for the expansion of the

WIthFnetgoalg mal:;]ngbhllgl;(h qu?ll';y)\;v cost ple}snc GRAPES-3 experiment which are vastly superior to
SCIUIALOTS. Since the bullk cOSt oF SYTENE IS IOWWE 0 o arlier detectors that are described below

decided to purchase the basic raw material in the form

of polystyrene granule3his was done to avoid the 2.3 New High Performance Scintillator Detectors
problem of ‘inhibitors’ in liquid styrene. Polystyrene _ o _ o
granules were doped by the manufacturer with 1 9eIN view of the dificulties outlined earlier it was
para-terphenyl (primary scintillator) and 0.03 % decided that for further expansion of the arrary
POPOP (wave-length shifter) as specified by us atalternatlve readout of the scintillator using wave-
the time of polymerizatioriThe granules by weight ~€ngth shifting (WLS) fibers would be employed in
are approximately a factor of 15-20 lower in cost as @ssociation with the newly developed plastic
compared to the finished scintillatdo the best of ~ Scintillators. This resulted in an improved
our knowledge no literature is available that describesPerformance with a lger photon signal and a more
the methodology for making high quality plastic uniform respongeWﬂh the |ncIus.|on of a sgcond
scintillators. Since the casting of high quality plastic PMT. the dynamic range for particle detection was
scintillator in the form of sheets is afitifilt process, ~ Increased o ~ 5 x iparticles rrf The use of the
any information pertaining to it, is kept confidential plastic scintillators, developed in-house to cut costs
by the manufacturer@herefore we had to make a thus also resulted in a vastly improved performance
start from the very beginninghis R&D efort [75]. An effici_ent detector system should proyide a
progressed over the next 3 years in several distincfa'9€ Separation between the PRiise and the signal
phases before successfully culminating in world-classdue to the Ch@‘?d partlclgs in the EAS, and ShOUId_
scintillator in late 2001The performance of the also have a uniform spatial response over the entire
scintillator may be summarized as follows, it has a €@ of the scintillatoAs already mentioned earlier
decay time of 1.6 ns with a photon output which is that in the original GRAPES-3 trapezoidal shaped
54 % of anthracene and an attenuation length ~ 10¢letectors, the scintillation photons collected at the
cm. These parameters are comparable to the besPMT are, primarily due to difise reflection from the

quality scintillators available world-wide at a fraction nner walls of the container [60Fhis is not an
of their cost. In addition, we have the unique efficient process, and results in a sizable loss of the

advantage that we could manufacture scintillator of signal. Most of the scintillator detectors had a photon
any shape and size exactly according to ouroutput< 10 photo-electrons, even for the 5 cm thick
requirements. Since all high quality plastic scintillators usedThe geometry of the detector also

scintillators depend on total internal reflection for "€Sultedin alaye spatial non-uniformity in the signal

In the year 1998 we started an R&D program
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across the detector and a variation ~ 30 % wasovercome this limitation, th&/LS fiber detectors
observed in photon output from the center to the edgewere designed with two PNT

of the detectorln view of these limitations, we had
investigated the use of wave-length shifting (WLS)
fibers for an dicient collection of photons.

In the present studiKuraragy double cladVLS
fibers of typeY1l (200) were usedlhese 1 mm
diameter fibers consist of a central polystyrene core

Observation of the photon pulses with a decay (refractive index) = 1.59) with two outer claddings
time of a few nanoseconds in plastic fibers were of progressively lower refractive indicéghe inner
reported in 1981 and subsequentéxtensive  cladding is polymethyl-methacrylate (PMMA) with
development of the plastic fibers occurred. Use of n =1.49 and the outer cladding is fluorinated polymer
WLS fibers, where wave-length shifting cores ranging (FP) having) = 1.42 All fibers are cut to a length of
from several hundred microns to a few mm diameter 1.3 m.To place th&VLS fibers inside the scintillatpr
surrounded by single or multiple layers of cladding 1.5 mm wide and 2 mm deep grooves have been
of progressively lower refractive indices were machined on the surface of thergiiator (50 cm x
developed.The double-cladVLS fibers provide 50 cnt cm). Three diferent groove designs named,
readout of the blue photon emitting scintillators in a ‘parallel’, ‘matrix’ and ‘o’ were investigatedThe
detector with the subsequent re-emission of the layout of these 3 designs are schematically shown in
photons in the green wavelength using a 3- Fig. 5. Since thearallel and matrix grooves are
hydroxyflavone (3HF) type wavelength shifter straight, they are machined ugian ordinary milling
present in the core materidl. fraction of the re- machine. Howevetheo grooves require the use of
emitted photons are transported to the end of the fibea CNC milling machine.
through total internal reflections. It is known that the
double clad fibers provide an improved photon yield
of up to 70 % higher than the single clad ones, by
increasing the fraction of light trapped through total
internal reflections [75].

For theparallel and thematrix configurations,
a total of 12 grooves with equal intgroove
separation were machingdh intergroove separation
of 4.0 cm was used for thparallel grooves (50 cm
long) as shown in Fig. 5a. For thmatrix grooves the

A new scintillator detector has been developed separation was 9.6 cm, for the two mutually
with significantly improved performance, by suitable orthogonal sets of 6 grooves (50 cm long), as shown
placement of th&/LS fibers in machined grooves in Fig. 5b.A total of 160 grooves were machined,
on the scintillator surface. Since, the spatial each 41 cm longs seen in Fig. 5@he total length
uniformity and the response time of the scintillator of theWLS fibers embedded in the scintillator was
critically depends on the layout of the fibers, the 900 cm in the cases of tiparallel and thematrix
performance of the detector was also simulated usinggroove configurationg-heWLS fibers are restrained
a Monte Carlo simulation code ‘G3ScSIM’ developed from any movement by applying tiny strips of
by us for this purposé direct comparison of the adhesive aluminunape just above the groovetotal
results from the simulations and the actual of 18 fibers used were placed in alternative grooves
measurements allowed, a better understanding of thes single and two fibers, respectivdlie total length
performance of the detector to egei hree diferent of WLS fibers was 656 cm for the configuration
layouts ofWLS fibers were evaluated using Monte with only one fiber in each groove as shown in Fig.
Carlo code, G3ScSIM. Howeverthe final 5. The enire scintillator andVLS fiber assembly
configuration was adopted on the basis of costwas wrapped inside two layersigivek paperwhich
effective fabrication with excellent uniformity and acts as an @€ient but difuse reflectarresulting in
high photon outputThe saturation of the PMT a substantial enhancement in the number of the
encountered at very high particle densities in the photons collectedTyvek was chosen for its high
earlier GRAPES-3 detectors, limited their use over areflectivity, chemically inert nature and excellent
wider range of primary cosmic ray eges. To mechanical strength. Since only a small fraction of
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Fig. 5: The three goove layouts on the scintillatorsurface with embeddedWVLS fibers, (a) parallel, (b) matrix, and (c)o

the total length (41 or 50 cm) &WLS fiber is Table 1: Monte Carlo simulation parameters
embedded inside the groove, the remainder was used— —
for its smooth and safe bending, en-route to the PMT Scint. Refractive indexn() 1.59
The free ends of th®/LS fibers were bunched WLS (n..) core 1.59

together and glued into an acrylic disk called a in .clad 1.49
. . . . . out. clad 1.42
cookie’ which was finally coupled to the PMT using
an optical glueThe entire assembly was placed inside Scint. decay time 1.7ns
a light-tight aluminum tankThe experimental  \y s fiber decay time 6.1 ns
conditions were kept unchanged during the tests with _
. . Scint. attenuation length 100 cm
different groove designs.
. . WLS attenuation length 350 cm
Prior to the actual experimental measurements,
Tyvek reflectivity 90 %

a Monte Carlo simulation code ‘G3ScSIM’ [75] was
developed to obtain an understanding of the responseTIR 93 %
of the scintillator for difierent fiber configurations.
The G3ScSIM is basically a photon tracking code,
for a plastic scintillator of rectangular geometwith Mean enegy loss/photon 100 ev
embeddedlVLS fibers of cylindrical geometrin this

code, the trigger conditions were kept identical to

the one in the experiment with cosmic ray muons. muon, in the scintillator was calculated using the
The important input parameters used in G3ScSIM Landau distribution based on an algorithm from the
are summarized iffiable 1. Some of the simplified CERN library A production rate of one short wave-
assumptions made in G3ScSIM were; (i) the length (blue) photon per 100 edhegy loss was
scintillator response is homogeneous, (ii) the assumedTlhe blue photons were generated along the
scintillator photons are monochromatic, and (iii) the track of the muon, every 0.1 mm, with the emission
WLS fibers are in optical contact with the scintillator anglesd andg, selected randomly from an isotropic
surface, over an area projected byAtbrief angular distributionThe emission time of each
description of some of the relevant features of photon was calculated from an exponential
G3ScSIM code are summarized below distribution with a decay time of 1.7 ns for the

. . scintillator, as was measured by us earlier
The cosmic ray muons were simulated over the

surface of the scintillator with random coordinates The propagation of the blue photons in the
X, ¥y and arrival direction; zenith ange(0 <0 < scintillator was tracked, by a ray tracing method,
60), azimuthal angle (0< @< 360). A trigger was  governed by the laws of geometrical optithe

generated, only if a muon passes through all the fiveincidence of a photon on the scintillator surface was
triggering detectorsThe enegy loss - dE/dx of the  determined, from among the six surfaces of the

PMT time jitter (FWHM) 2.2ns
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scintillator. At every reflection from the scintillator The green photons reaching the PMT were converted
surface, three possibilities exist, namely; (i) the into photo-electrons at the photo-cathode using the
absorption of the photon in the scintillgt¢ii) the wave-length dependent quantunfi@éncy of the
interception by VLS fiber, and (iii) the reflection = PMT. The amplitude and the response time of the
from the scintillator surfacdo determine absorption PMT were convoluted to generate the PMT pulse.
of a photon in the scintillatpthe total path-length  For each muon, the recorded information includes
traversed was compared with the survival path-lengththe X,Y coordinates, also the photon statistics such
for that photon, using the Monte Carlo technique. as the number of photons (i) produced in the
Normally a photon incident on the scintillator surface scintillator, (ii) escaped from the scintillatdfii) lost

at an angle greater than the critical angle, would due to the attenuation, (iv) absorbed inMHeS fiber,
undego total internal reflection from a flat surface. (v) escaped from the fibesind finally the number of
However the scintillator surface is not perfectly flat the photo-electrons and their arrival times at the PMT
and any departure from the flathess would result in
the escape of the photorhis efect was taken into
account by assuming anfeftive total internal
reflectivity (ETIR)< 100 %.The exact value of ETIR
was determined empirically as described beldve
Tyvek wrapping of the scintillator provides an
efficient and difuse reflecting surface of known
reflectivity, for the photons escaping from the
scintillator back into the scintillatoifhe photon
reflection probability from the difise reflector was
calculated using the Lambexrtosine laywhere the

angle of reflection is independent of the incident
g P data for a particular configuration of the detecibe

angle. Howeverwhen the scintillator was wrapped it Id then b hecked b . ¢
inside a black plastic sheet, the reflectivity from its resufts cou en be cross checked by carrying ou
Smother set of measurements with afetiént

surface of escaped photons was assumed to be zer0. _ )
configuration of the detectoifo fix the free

To determine the incidence of a photon on the parameters in the simulations, tharallel groove
WLS fiber, we assumed the area projected by the fiberdesign, with and without th&vek wrapping was
on the scintillator surface as the overlap avea. modeled.The only free parameter used in these
photon incident on the overlap area was deemed tasimulations was the ETIRhe initial value of the
have been absorbed by the filitubsequent)ya new ETIR was taken to be 100 %, implying that the
longer wave-length (green) photon was generatedscintillator surfaces to be perfectly fl@ihe resultant
with a wave-length distribution derived from the photon distribution from the simulations disagreed
emission spectrum &F/LS fiber, and tracked in case with the experimental data. It was observed that the
of trapping in the fiberusing the critical angle simulated ratio of the mean number of photons with
condition. At this point, a new start time was and without thelyvek wrapping was 2.2, while the
generated from the measured decay time (6.1 ns) okxperimental value was 3.3. It was observed that this
theWLS fiber. This in turn was added to the earlier ratio increases with decreasing value of ERRalue
transit time of the blue photon, from the time it was of ETIR = 93 %, gave a nearly perfect agreement
generated in the scintillator to the time of its with the experimental datahis value of the ETIR
absorption in the fibeA trapped green photon was was used for all subsequent simulations.
propagated, until it was absorbed in the fiber due to

attenuation or if it reached the collection end of the MeV/em | intillatard hend N
fiber. The green photons propagating in the direction evicm in a scintiiatar oweve.rvy endue agcoun
was taken of the muons arriving from feifent

opposite to that of the PMT were assumed to be lost.

A Monte Carlo simulation can reproduce the
experimental data only if the detector parameters
describing its performance are fitiently close to
their true valuesThese parameters include the
scintillation eficiency, the surface reflectivitythe
attenuation length, and the decay times etc. Many of
these parameters were directly measured by us or
were available in the literatur&he remaining
parameters had to be obtained by assuming some
initial values and then fine tuning those values by
matching the simulation results with the experimental

The muons séér a mean engy loss of 1.89
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directions that trigger the setup, the meangnlerss implies that the PMT could be operated at a relatively
becomes 4.6 MeV in the 2 cm thick scintillator used. lower voltage, thereby reducing the noise and
This results in the production of adarnumber of  increasing its lifeThe PME are typically operated
photons (~ 46000), but only a small fraction at gains of (3-5) x 10 However at high particle
eventually reaches the PMIhe simulations showed densities, the anode current become veryeland

that ~ 86 % of the produced (blue) photons were eitherthe PMTresponse become non-linegor the ETL-
absorbed or escaped from the scintillaitiee mean  9807B PMT used here, the response became non-
path-length traversed by the blue photons was ~ 5llinear at a peak anode current of 50 mA to 150 mA.
cm and the mean number of reflections was ~14 insideT his translates into the onset of the non-linearity at
the scintillator Therefore, ~14 % of blue photons 50 particles and of saturation at ~ 100-200 particles.
managed to enter tWWLS fiber, which after initial This introduced error in the estimation of the various
absorption were re-emitted as green photons.shower parameterélthough, one could use the
Furthermore, because of thegawvalue of the critical ~ signal from an earlier stage of the dynode chain to
angle, most of the green photons escaped from thevoid saturation, we preferred to employ a second
WLS fibers, and only ~14 % of the photons were PMT to enhance the dynamic range of our detectors.
trappedThese photons travelled along both directions
in the fiber The mean path-length traversed by the
green photons was 12 cm and the mean number
of reflections was ~ 430 prior to reaching the PMT _ ) )
Finally, only ~ 0.45 % of the total photons produced the simple and inexpensivearallel groove

in the scintillatoy namely ~ 208 photons arrived at co.nf!guratlpn met our design goals..Usmg four
the PMT scintillator tiles, a 1 mdetector was fabricatedhe

side-view of a complete dual-PMWLS fiber
The main design objective for the new detector detector is shown in Fig. @he single-PMTfiber
was to dficiently record the shower particles over a detector was identical to a dual-PM&tectorexcept
large dynamic range (1-10000 particles), to cover athat it was operated with only one high-gain BPMT
wide range in the engy spectrum of the primary The photons from each 50 cm x 50 cm scintillator
cosmic rays from ~ I8 where the particle density at tile were collected by 18 fibers for the high-gain BMT
the core is rather small; to ~16V where densities whereas only 6 fibers were used for the low-gain
may reach several thousand particles Efficient PMT. The groups of 18 and 6 fibers for the high- and
detection of a single or a few particles was ensuredlow-gain PMB were placed inside 12 grooves, as
by designing a detector with high photon yield and has been described earliBvo groups of fibers from
good spatial uniformityThe high photon yield also the four scintillators are coupled to two PHT

<— Pulse
j—| | High Voltage
High Gain PMT -
Low Gain PMT

Aluminum cylinder
to house PMT and Base

Alumil‘l'(lum box

As described belovthrough a study of the; (i)
photon output, (ii) uniformity and (iii) the time
response for diérent groove designs, we found that

11— Cookie holder

A

A

|
Scintillator tile WLS fibers

Fig. 6: Side view of a dual-PMTfiber detector Total number of fibers from the scintillator to high-gain PMT was 72 and to low-gain PMT24
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through two separate cookies; the first containing 18
x 4 = 72 fibers to the high-gain PMand the second
6 x 4 = 24 fibers to the low-gain PMT

A comparison of the photo-electron
distributions for theparallel, the matrix, and theo
groove designs for the experimental data and the
Monte Carlo simulations are presented in Fig. 7, and
the results are also summarizedTable 2. Here it
needs to be emphasized that the simulation parameter
‘ETIR’ was extracted, using only tiparallel groove
data and then subsequently used fornttagrix and
the o groovesAn excellent agreement between the
photo-electron distributions from the data with the
Monte Carlo simulations for the remaining two
designs, namelyhematrix and theo is seen in Fig.

7. Furtherit may be seen froifable 2 that the photo-
electron yield in the case of tiparallel groove is
comparable to that of theatrix groove, whereas it
was significantly lower in the case of taegroove.

The embedded length of the fibers in thgroove
was 27 % less, as compared to the other two groove
designs, howevethe photo-electron yield in the
groove was 13 % less as compared topheallel
groove and 18 % less compared tortterix groove.
Thus the photo-electron yields per unit length of the
embedded fiberfor the three groove designs were
comparable to within ~10 %, irrespective of the shape
and the layout of the grooves. Based on these results,
it was decided to employ thegarallel groove
configuration, since it is economical to implement
and the assembly of the detector is also relatively
simplet

Number of Events
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4000

2000

6000

4000

2000

6000
4000

2000

N I-'.
20 40 60
Photo-electrons

80

Fig. 7: Photo-election distributions; (a) parallel groove, (b)matrix
groove, and (c)o groove. Experimental data shown by
dashed line and Monte-Carlo esults by continuous line

The variation in the response, across the
scintillator surface for all the three groove designs
with Tyvek wrapping, were carefully studied. In the
case of theparallel groove, a small decrease in the

photon output was observed, from near the PMT end

Table 2: Photo.-electlon yield of scintillator for differentWLS to the far end of the fibetn the matrix groove, a
fiber configurations .. . .
similar trend with reduced magnitude was seen.
Groove Fiberlength  Photo-electrons However in the case of the groove, no such
variation was observeAlso no transverse variation
Parallel 900 cm 205 in the photon output was observed for thetrix and
Matrix 900 cm 21.7 o grooves, whereas for tiparallel groove the edge
s 656 cm 179 response was slightly higher than from the central

area as stated abovéne root mean square (rms) non-
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uniformity for the three groove designs was calculated (Model C205N) 32-channel, 15-bit dynamic range,
separatelyfor both the data and simulations and these ADC module through some additional cable delay
results are summarized able 3.The simulated (80 m co-axial cable)Yhe second pulse is amplified
by a factor of 10 before being fed to the discriminator
Table 3: Uniformity in dif ferent groove patterns set at a threshold of —30 m@ne of the outputs of
the discriminator goes to a channel of THC (200
ps resolution) while the other output goes for shower
Experiment Monte Carlo selection as well as to the rate monitoring system. In
order to achieve a low emgrthreshold for the trigger
a simple 3-line coincidence was used to generate the
Matrix 21 1.6 Level-0 triggeras shown in Fig. 8, which acts as the
o 3.5 3.3 GATE for theADCs and SART for the TDCs.
Looking at the detectors lined up in the North-South
direction, the signals from the discriminators for all
the detectors in a given line are OR’ed togefhteen
a 100 ns wide, 3-fold coincidence is generated among
the line ORS for each combination of three adjacent
lines. All these 3-line coincidences, (L1.L2.L3),
(L2.L3.L4), (L3.L4.L5), etc., are OR’ed together to
generate the Level-0 triggétote that only the inner
6 rings (detectors 001 to 127) of the 8 rings were
used for generating the line GR" order to optimize
the selection of showers with cores incident within
the arrayThe observed level-0 trigger rate currently
is 70 Hz. Not surprisinglythis trigger selects a sizable
number of small but local showers and also vegear

Groove type RMS non-uniformity (%)

Parallel 2.7 2.0

values of the rms non-uniformity was always slightly
smaller (0.2-0.7) %, than the corresponding
experimentally measured value for all three designs.
This was not surprising, in view of the fact that many
of the simplifying assumptions in the simulations only
provide approximations to the real world. For
example, any imperfections on the surface of the
scintillator or any variations in its densitywould
result in an enhanced rms non-uniformity in the
experimental data. Howeveéhe rms non-uniformity
was less than 4 % for all three groove designs, well
below the acceptable level of 5 %.

2.4 The GRAPES-3 Trigger o fth RING

8th RING o
The symmetric hexagonal geometnsed in the
deployment of the detectors was employed, to ensure ¥ ﬂ
a uniform selection of the showers, over a well-
defined area of the array as shown in Fighg array
also contains a lge (560 ) tracking muon detector
in the form of four supermodules, that are visible as
the four lage halls in the top-center region of Fig. 2
[61]. These halls also house the signal processing anc oAb
recording electronics for the muons, for that el H”‘
supermodule. Each 140 area supermodule, in turn = i
comprises of four module§.he muon detectors \,— U L
provide a reliable estimate of the muon multiplicity ] UQ 3T Coincidenice
even for a low engy EAS. \

The anode pulse from each shower detector is LD

taken to the central control room using a 230 m long
co-axial cable. It is then passively Sp|i'[ into two Fig. 8: Schematic of the shower trigger system for generating the

. Level-0 trigger using the basic 3-line coincidence ém
pulses, one a.c. coupling to a channel of the CAEN among the inner 127 detectors (6 rings)
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showers whose cores located far away from the.array The pressure wave is produced by a complex
Therefore, an additional condition was imposed on interaction of solar heating and the nonlinear response
the shower selection, namgly requirement that at  of the upper atmosphere to this forcing. It is well
least ‘n’ out of 127 detectors should have triggered known that the amplitude of the pressure wave
the discriminators within ins using relatively slow  depends on the latitude of the site and igdarat
EPROMS [60].The observed shower rate for this lower latitudes.The low latitude location (L4N)
Level-1 trigger currently is ~ 30 Hz for a value of n = of Ooty was responsible for the 12 hour periodicity
10 used in the experiment. seen in the pressure data (Fig. 9&ke sensitivity of

the GRAPES-3 experiment may be gauged from the
fact that a small amplitude (~ 1 hPa) pressure wave

The stability of the response of the shower detectors(™ 0-2 %) significantly modulates the observed rate
is an important parameter to ensure the stability of©f Showers (~ 1 %). For the sake of clarity the Level-
the trigger engy threshold While single particle 1 shower trigger rate and the pressure data are plotted
calibrations, as discussed above are carried out abo€Parately in Fig. 10 strong anti-correlation
once in a month, the counting rate for each detector®€Ween the two parameters is clearly visiflee

is recorded for every 100 ms using the output pulsePressure data shows that the highest values are
from the discriminator through the ‘RA& reached at about 10 h and 22 h local time when the
MONITOR'’ system designed for this purpo3ais rigger rates reach their minimum valudshe

is an independent data recording system which Waé:oeficie.nt of the anti-corn.elatio.n is ~ 80 %ehis anti- .
designed to look for short term transients and correlation may be explained in terms of a change in

correlations of the detector rates with atmospheric the atmospheric absorption of the cosmic ray showers
parameters. due to this pressure wav&his feature of the

GRAPES-3 experiment has turned out to be of critical

In Fig. 9 variation in the rates for three of the importance in studying various transient phenomena
217 detectors namely detector numbers 06, 16 and
30 over a period of seven days during 15-22 February —
2001 along with the variations in the shower trigger = §§§ L " r’\ SN2
rate (Level-1), the atmospheric pressure and theg 321 [ ¥\ 3
temperature are showhs expected the temperature i a8
shows diurnal variation in phase with solar radiation % L o
received on ground as seen in Fig. 9f. However the 3
pressure data as seen from Fig. 9e shows periodii 332 F-£f
variation of two cycles per dalt is to be noted that g zii =
the three detector rates (Fig. 9a-c) also show periodic© ;5 |
variations of two cycles per day but with a second < 13.4 Eﬂ_ﬁ’ ﬁ

2.5 Rate Monitoring

Y S—
oF tw il @ Second £ LEVATAV VATV AY
peak of significantly smaller amplitud&his 5132 A R 0 70 AT S A
observation may be understood in terms of the therma
properties of the scintillation detectors and their &
response to varying atmospheric pressfreiajor
fraction of the detector rate variation seen in Fig. 9a- 5
c is due to a negative temperature tiorint of the
scintillator and the photomultiplier assembly and a
smaller fraction is due to the varying absorption of
chalged particles in the atmosphere. Itis interesting Fig. 9: Observed variation in counting rates for 3 detectors; (a) D-
t te that th h tri t Fi 9d | 06, (b) D-16 and (c) D-30,ecorded using by rate monitoring
0 hote tha . e S OIVVGII‘ rgger rate ( 9. ) also system and shower trigger (Level-1) rate (d), atmospheric
shows a pe”Od'C variation of two CyCIeS per day but pressue (e), and temperatue (f), shown fora period of seven

in opposite sense to the pressure change (Fig. 9e). days during 15-22 February 2001
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Fig. 10: Pressue observed variation in, (a) showerate and (b)
atmospheric pressue for the seven day period during 15-
22 February 2001. 12-hourperiodicity seen in pessue and
in shower rate data. A high degree of anti-correlation
between pessue and showers rate is clearly visible

including those of cosmic, solar or atmospheric
origin. The pressure fdct is also clearly seen in the
muon counting rate [61].

2.6 Muon Detector

detector module with a sensitive area of 35omsists

of a total of 232 proportional counters (PRCs), each
with a cross-section of 10 cm x 10 cm, arranged in 4
layers, with alternate layers placed in mutually
orthogonal directionsTwo successive layers of the
PRCs, separated by two 15 cm thick slabs of concrete,
permit a 2-dimensional reconstruction of the muon
tracks A separation of 50 cm between the two layers
of the PRCs in the same plane, allows the track
direction to be measured to an accuracy’an éhe
projected plan€elo achieve an engy threshold of 1
GeV for the vertical muons in the EAS, a total
thickness ~ 550 g crvin the form of concrete blocks

is employed as absorber by placing a total of 15 layers
of concrete blocks above the Layér This
arrangement of the concrete blocks, in the shape of
an inverted pyramid provides an egethreshold of
secP) GeV, for the muons incident on the detector at
a zenith angle o®. The projection of the concrete
shielding on all four sides of the PRCs, as shown in
Fig. 11 provides a coverage for the penetrating muons
out to 48. A cross-section of two adjacent muon
detector modules is shown schematically in Fig. 1

It needs to be emphasized that the PRCs in the muon
detector have to be protected from the high humidity
which is typical of the forested area surrounding the
GRAPES-3 arrayThis is necessary to reduce the
noise due to potential electrical disaparfrom the

As mentioned in §1.5 the muon component has beenexposed anode wires that are operated at a voltage of

studied in great detail to obtain unravel the
composition of the primary cosmic rays. Proportional

counter (PRC) is the basic element of the GRAPES-

3 muon detectoiThe PRC is a 600 cm long, mild-

2800V.

Four modules under common overburden of
concrete absorber constitute a supermodule and a

steel, square pipe with a cross-sectional area of 1(Fr0Ss section of the two modules inside a supermodule
cm x 10 cm and a wall thickness of 2.3 nfimuon

is shown in Fig. 1. It is to be noted that the top 7

Fig. 11: Schematic view of 2 out of 4 modules in a 4-layeupermodule.A 550 g cnt thick concrete above Layerl ensues threshold, E =

sec@) GeV for muon arriving with zenith angles® up to 48
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layers of the concrete blocks are shared as an absorbr., FIlF NS2A4OISTE- b
by all four modules in a supanodule.Therefore,
the absorber above the 10th layer from the base, i
essentially a full-size layer covering all four modules
as seen in Fig.11 Finally, a 30 cm thick and 18 m x
18 m concrete slab was cast as the top layer of the
absorber in order to make it weatipeoof. Similarly
at the bottom, a single 30 cm thick, 16m x 16m i
concrete block cast on the ground, serves as the floo
for the supemodule.This was done for uniform  **
distribution of the nearly 1200 tons load of the R
absorber in a supenodule to the soil belawhus ' rota Evant =soseas
the GRAPES-3 tracking muon detector consisting of _ _ o _

. . Fig. 12: Pulse-amplitude distribution for a PRC in the muon
sixteen modules of total area 566 i used for the detector. The first two minor peaks ae due to fluorescent
identification of the multiple muon tracks in an EAS. K, X-ray emission in Fe at 6.4 keV (a), and in Zn at 8.6 keV
In the data some of the observed muon tracks could (b). The main peak at ~ 20 ke\(c) is due to the passage of
also be due to the accidental coincidences during the cosmic ray muons
latency time of the PRCs and may not have been
associated with the detected air shoWwereject such
unassociated muons, the arrival time of each muon,diStl’ibution and suitable corrective steps can be
called the time déet ‘T, relative to the EAS trigger  initiated to restore its performance.
is also recordedl'he peak in Fig. 13 is due to the
muons associated with the EAS, while the tail on both
sides of it, is contributed by the accidental
coincidence of the unassociated muons. By limiting
the value ofl, between —0.8 to 2)6s, the number of
the accidental muons was reduceg th?2 per EAS.

10 binis) sum

Mu-1-0-2-41

2000

DAY -2 OBSERVATION
00

600

The anode pulse from the PRC was shaped to
an exponential form with a decay time ofmg and
amplified (gain = 83)The amplified pulse was
discriminated at a threshold of —100 mV which
corresponds to ~ 0.2 of a minimum ionizing particle.
The output of the discriminator wasTdL signal.

The PRC wall serves as the cathode and a 100The following information on the discriminator
mm diameter tungsten wire serves as the anode, i®utput pulse was recorded; i) the arrival time with a
mounted at the center of the pipe using hermetic sealgiesolution of 167 ns and ii) the width with a resolution
After evacuation, each PRC was filled with P-10 (90 of 333 ns. Due to the exponential nature of the
%Ar and 10 % CF) gas to a pressure of 24 cm of Hg amplified pulse, the pulse width is proportional to
above local atmospheric pressure and then sealedhe logarithm of the PRC pulse amplitudene
The amplitude distribution of the output pulses from number of particles passing through a PRC in a given
each PRC was measured with a multi-channelevent are estimated as follows, assuniftg be the
analyzer A typical distribution, shown in Fig. 12, pulse-width for a minimum ionizing particle, as
displays a prominent peak due to cosmic ray muonscalculated from the pulse-width monitoring system
corresponding to an emgrloss of ~ 20 ke\in the andt to be the decay time constant, the number of
10 cm column of P-10 gas in the PRIhe muon  particles N in an event is given,by
peak is well separated from the other two smaller
peaks; the first peak is due to the fluorescenkkK
ray emission in Fe at 6.4 keV and the second minor
peak at 8.6 ke\is due to the samefett in the Zn

ved ®

. he mild o dfori . whereT, was the pulse width observed for the event.
coating on the mild steel pipe, used for its protection This feature is used to estimate the total number of

from rusting.Any malfunction of the PRC can be . o
muons in lage multiplicity events.
easily detected from the change in the shape of this X piety
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The maintenance of the stability of gain and muon. The number of the shower muons are
detection diciency of each PRC is an important independently determined for each projection plane
experimental requirement. In order to monitor the and the lager of the two is treated as the true number
performance of the muon detecttre pulse-width  of the shower muons in a given modulée total
of all 3712 PRCs is continuously measured with a number of detected muons is obtained by summing
Pulsewidth Analyzer system. It is to be noted that as the number of muons in all sixteen modules.
a result of the exponential shaping of the PRC pulseTherefore, the twin criteria of restricting the time
and subsequent measurement of its width, the numbeoffset and the direction allows a relatively clean
of ‘equivalent’ minimum ionizing particles entering identification of the shower muons to be matiee
a PRC are #ctively digitized to a precision of ~5 estimate of the number of muons through the
% for 1 to 5 particles and ~ 10 % for more than 5 reconstruction of individual tracks is fairly reliable
particles.The shape of the pulse-width distribution for a relatively small number of tracks in a given
is utilized to detect noisy and/or leaky PRChe module. Howeveras the number of muon tracks in a
6.4 keV fluorescent KX-ray emission peak in Fe is module increases, these tracks start to overlap and
used for calibration and monitoring of the gain of the their number gets underestimatddhis saturation
PRCs. In addition, the counting rates of any 3-layer effect in a 35 rhmodule was investigated through
and all 4-layer coincidences between La@®R the Monte Carlo simulations and the results obtained
signals are also monitored continuously to provide are displayed in Fig. 14.

information on the health of the muon detector Lo
For example, on an average 10 incident muon

Since the shower muons are also aligned alongtracks actually get reconstructed as only 8 tracks.
the direction of the EAS, a further removal of the Since there are sixteen modules thfsafbecomes
accidental muons was achieved by reconstructing thesignificant for muon multiplicities of = 150. Howeyer
direction of the muon tracks in two mutually this saturation ééct is automatically accounted for
orthogonal vertical projection planes (X-Z and&, since the shower simulation code used here also
where Z is the vertical direction), by employing the includes the true reconstruction capability of the
tracking capability of the muon detectdrhe muon detectorin the analysis of the real data, the
procedure used is as follows, first the projection showers with cores landing between 60 and 80 m
angles of the air shower are calculated for these twadfrom the center of the muon detector were selected
orthogonal planes. Next, in each projection, the as is shown in Fig. 3’his was done not to mitigate
reconstructed muon track is required to lie withih 10 the above mentioned saturatiorfesft, but to
of the EAS direction for it to be considered a shower minimize the probability of the incidence of the

penetrating hadrons in the muon detector

++{
++4}
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Detected Muons

o N A O 0 O
-

J N~
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Fig. 14: Mean number of reconstructed muon tracks as a function
Fig. 13: Distribution of the muon time ofset T, in ms of number of incident muons estimated fom simulations
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The GRAPES-3 trigger was optimized for the  Run No. 011966 Event No. 004860
selection of low engy EAS, by requiring a 3-fold 2001-03-04 16:34:57.55164
coincidence between the detectors on the adjacen
lines, formed by the inner 127 detectors located inside
the dashed hexagon shown in Fig. 3. In addition, a 8o
minimum of > 10 detectors were required to be £ 70]
triggered, each with a signal equivalentt80 % of =L
a minimum ionizing particleThe arrival time and _%_350'
the chage in the PMTpulse were recorded for all 5540'
detectors, for the subsequent determination of theg **
arrival direction , ¢) and the shower size (N60]. ke
The Monte Carlo simulations of the EAS initiated &'
by the primary cosmic rays, using the CORSIKA
code, for the five nuclei, nameM, He, NAl and Fe
had shown that a triggeringfiefency of ~ 90 % is
obtained at a primary erggr of 50TeV for the H,
which increases with the atomic mass, eventually

reaching a value of 10V for the Fe primaries [60]. Fig. 16: Number of detected particles observed in an EAS. Height
of each tower proportional to particle density in

For every EAS triggerthe following corresponding detector
information was recorded for each PRC in the muon
detector; (i) the arrival time of the digital pulse,
formed by an amplifiediscriminator module, witha  of the EAS, and their density fallingfefpidly away
time resolution of 167 ns, and (ii) the pulse width from the core of the EAS.
with a time resolution of 333 ns. Due to the
exponential nature of the amplified pulse, the pulse

width is proportional to the logarithm of the pulse some of our earlier results [10] based on the Monte
amplitudeThe arrival time of the pulse was used for carlo simulations had indicated that the shape of the
the rejection of the PRCs that may have fired myon multiplicity distribution (MMD) measured with
accidentally during its latency time as explained 3 jage area muon detector was a sensitive probe of
earlier In Fig. 15 the observed muon tracks in one the relative mix of dierent nuclei in the primary
out of sixteen modules are showwo distincttracks  cosmic ray flux [89]. Following this indication, we
are clearly visible in each of the two orthogonal have attempted to extract the egyespectrum of the
projections. In most cases the individual muon tracksprotons and other nuclei through a comparison of the
are readily identified, except when the track opserved MMDs with the expectations from the
multiplicity becomes very highlhe lateral density  \Monte Carlo simulations, for di#rent models of
distribution of the detected clyd particles in @  hadronic particle interactions as discussed in the
typical shower is shown in Fig. 18s expected, @ sybsequent sections. Some of the key shower
large number of particles are detected near the corgyarameters at the atmospheric depth of the
experiment, namelythe lateral distribution is used

04

01

3. Cosmic Ray Composition

Module—0 to fit the shower core and siZkhe errors in the core
L-3 ¢ : o location and shower size have been studied as a
L—l I11T1] [TTTTTTITITTITITTITTTITTT] IIIIIIIIIIIIIIIIIIIIIIIIIIII functlon Of the Shower SiZé-_he dependence of the
L 57 differential shower size spectra atfeient zenith
0 10 20 30 40 57 angles etc., has also been studied. Using these

L—D SEEEES SSSSSSSSESSSENENESEEEEEEEEEENENEEEE

distributions the vertical flux is derived for further
Fig. 15: Muon tracks in a 35 ni module analysis.
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A total of 6 x 10° showers collected over a total
live time of 4.7 x 10"s (545 d), spread over the 3-year
period, 2000-2002, were analyzed for determining
various shower parameters, namely, the arrival
direction, defined by the zenith (0) and the azimuthal
(®) angles, the shower size (N,), the core position
(Xx., y.) and the shower age (s). These shower
parameters are described, subsequently, in greater
detail. For each shower, the zenith angle 6 and the
azimuthal angle are determined by using the timing
information from the Time to Digital Converter
(TDC) from each detector. The angular resolution of
the shower array was estimated by using three
different methods, namely, the even-odd, the left-right
as well as from the observations of the shadow of the
Moon on the isotropic flux of the cosmic rays. The
angular resolution was estimated to be 0.7° for the
showers of size N> 10* particles [76]. In the present
work, only the showers with the zenith angle 6 < 45°
and with cores landing within 30 m from the center
of the array, as shown in Fig. 3, were selected for
further analysis as described below in detail.

As a first step, the approximate position of the
shower core is estimated from the weighted mean of
the location of the detectors with the 7 highest
detected particle densities, where the weights are the
measured particle densities in those 7 detectors. Next,
the shower direction, namely, the zenith angle 6 and
the azimuthal angle @ are calculated by a %*
minimization of the relative arrival times of the
detected particles. The shower size is a critical
parameter for the present work and it was carefully
estimated from the lateral distribution of the charged
particles by fitting them to the Nishimura-Kamata-
Greisen (NKG) lateral distribution function. The age
(s) of the shower represents the steepness of the lateral
distribution function [77], and it was calculated by
using the maximum likelihood algorithm MINUIT.
The details of the analysis procedure are described
below.

If n, particles pass through the detector labeled
i, located at (x,, y,), which has detected S, particles,
then the expected particle density p, is calculated as
follows :

1= = XP 4 (v~ ¥ — D P

D = (x; — X)sinfCos¢ +(y; — Y)sinfsing  (3)

s—2.0 s—4.5
=c| L 14
pl I"m rm (4)

N I(45-9)
" ome2 I(s)I(4.5-2s) (5)

where, r, is the Moliere unit and r, = 103 m, for the
atmospheric depth at Ooty. For an incident particle
density p, the probability of detecting n, particles is
p,, then the probability of such a detection is L which
may be derived from the following equations,

_ (p;S;c0s0)" o riSicost
n;!

(6)

i

L=T;p )

The increase in the path length for the zenith angle 6
is considered in the above calculation when
estimating n,. The unknown parameters are
determined by maximizing L. The initial values for
these parameters are set by using the following
relations,

ZHigh Tn;r;
Rore =" NS5 ®)
2 HighTn;
N, =102[n; 1> ©)
s=1.0 (10)

In the equation 8 the core location is obtained
by calculating the mean location, weighted by the
detected particle density of the 7 detectors with the
highest density. The approximation described in
equation 9 was originally obtained through the Monte
Carlo simulations. Since the detector response
becomes non-linear when the detected particle density

S.sec(0) exceeds 200, such detectors are not
included in the NKG fit. If the probability p, for a
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particular detectoris less than 10of the expected

the data points shown in Fig. 17 are very sniélis

value, then also that detector is rejected from furtheris due to the fact that there are more tharshowers

calculations.

The accuracy of the core location is estimated
by using the Monte Carlo simulatiornghe protons

in each N, sec@) bin.A comparison of the shapes of
these nine spectra for the d8c¢arying from 1.025
(middle value for the first bir§ ~ 13) to 1.425 (for

are injected as the primary cosmic ray particles andthe ninth bing ~ 48), clearly demonstrates the close

the error in the location of the shower core is

similarity among them, apart from thefdifences in

calculated by using the CORSIKA code and the samethe magnitude of the flux values. Since the spectral
reconstruction procedure as was used for the real datslope is independent of the zenith an@lat was

Next, the distanc®r between the original and the
reconstructed shower core locations is calculdteg!.
estimated mean errdr . in the shower core location
varies from ~ 1.6 m at a shower size o106 about
~ 0.6 m at a shower size of*t0rhe accuracy of the

decided to combine the data of all showers with®ec(
< 25, after suitable normalization for further analysis
of the muon content of the EAShe vertical flux
shown in Fig. 17 is derived from the showers with
zenith angle® < 25and converted into equivalent

shower size determination has also been estimatedertical size by using the following relation,

through the Monte Carlo simulations using the

CORSIKA code. In these simulations the protons are
injected as the primary cosmic rays and the shower

sizeN, is estimated by fitting the NKG function to
the lateral density distribution of the particles in the
simulated EAS. For the shower size rang€40l <

10°2 the rms errors are found to be smaller than 10

% for the simulated showers.

The observed diérential shower size ()N
spectra for dfierent values of the zenith angke
grouped in bins of se@) of width 0.05, are shown in
Fig. 17. It is to be noted that the flux values shown
on theY-axis have been multiplied by a factor qf\
to achieve better clarity in the presentation. It also
needs to be emphasized that the statistical errors o

__400F
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=z

% 200

'O

(6]
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E 100f
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z |
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Fig. 17: Observed difierential size (N) spectra for sec@) intervals
of 0.05.Top plot (red @) vertical direction, second plot
(green A) 1.00 < sed) < 1.05, ..., last plot (magenta¥)
1.35 < sedf)) < 1.40

Xv

—(sect-1)
N(0)= N(@)et (11)
where vertical deptl, and the attenuation lengih
are 800 g cdand 200 g cmrespectively

The number of muons observed in the sixteen
modules of the muon detector are counted after
reconstructing the tracks in both of the orthogonal
projections, based on the hit pattern observed in the
four layers of the PRCA.muon which is outside the
time window from —0.8 to 2.6ns, relative to the
accompanying shower or whose projected direction
is more than 10away from the shower direction in
rrimy one of the planes is rejected as due to the
background flux of the atmospheric muons. In
addition, only the showers whose cores lie between
60 and 80 m from the center of the muon detector
and are also within the 30 m radius circle around the
center of the GRAPES-3 array are analyZHus
kidney shaped area for the selection of the showers,
is shown as shaded in Fig. 3.

The distribution of the number of detected
muons is referred to as the observed muon multiplicity
distribution, hereafter referred as the MMThe
MMDs shown in Fig. 21 are for two @ifrent size
groups, namejy10“*< N, < 10"°and 10°< N, < 10°,
respectively for hadron interaction generator QGSJet.
Similar MMDs were also obtained for the remaining
seven shower size groups, whose size spectra were
shown in Fig. 17These MMDs were used for
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determining the engy spectra and the relative In the CORSIKA code, the electromagnetic
proportion of various nuclear groups in the primary cascade can be treated by twdfatiént methods,
cosmic ray flux.This was accomplished by a namely the EGS4 code [87] or the NKG function
comparison of the observed MMDs with the [77, 78]. The EGS4 code individually tracks each
expectation from detailed Monte Carlo simulations electromagnetic particle in a given cascade. However
using the CORSIKA code [79] and the detector the NKG function only calculates the density
response using GEANT4 [60], following the selection distribution at the observational level and therefore,
of a suitable generator for the hadronic interactionsproceeds much faster than the EGS4 cddesave

as discussed below the computation time, we had decided to use the NKG
function. However we had also performed
3.1 Monte Carlo Simulations simulations using the EGS4 code for a limited number

of events, in order to investigate thefditnces
Most of the ground based observations of the petween the results obtained from these two methods,
extensive air showers record the presence of thefier folding the detector response using the GEANT4
hadrons, the electrons, the muons and otherggge 60, 88]. In particulathe saturation &fcts on
components deep down in the atmosphere, aftefne number of observed muons at high multiplicities
nearly 8-10 mean free paths for the interaction of high,, a e properly accounted foThis comparison

enepy particles [91]Therefore, the detected flux of - showed that the results were relatively insensitive to
particles at the observational level is the end producto specific method used.

of hundreds of interactions at fifent depths in the

atmosphereThus, the extraction of the information For the sake of simplicityhe primary flux was

on the primary cosmic rays and the characteristics ofassumed to be composed of only five species, namely

the first few ultra-high engy interactions necessarily the protons (HA=1), the helium (HeA=4), the

requires a comparison of the observations with thenitrogen (N,A=14), the aluminum (AIA=27) and

expectations from the Monte Carlo simulations, using the iron (FeA=56). In the simulations of the EAS,

the models of particle interactions for an assumedthe primary cosmic ray engies were randomly

primary cosmic ray flux, engy spectrum and selected from a powdaw enegy spectrum of slope

composition. Since the extreme forward region of the —2.7 for the five nuclei, namelid, He, NAI, and Fe

particle interactions in the laboratory frame can not With threshold enejies that are summarizedTiable

be studied, in the high emgr collider experiments, 4. These thresholds were selected to bécsently

the models of the high emgrinteractions need to be small such that the fdiencies are < 10 % for the

necessarily extrapolated from the ajies of aTeV ~ generation of the GRAPES-3 trigger [6The core

to as high as a 100@V and beyond. of the simulated showers were thrown randomly over

_ _an area of radius 100 m around the centre of the.array

Since some of the parameters used to describérne simulated showers were subjected to an analysis

the hadronic interactions in the CORSIKA Monte ,qcedure identical to the one used for the observed

Carlo simulations are extrapolated from the lower shoyers. First, it was checked if the criterion for the
enegy measurements, a significant model dependent

uncertainty in the results of these simulations is Table 4: CORSIKA simulation parameters
naturally to be expectetihe CORSIKAcode version

6.020 (2003-March-24) has several built-in hadronic Nucleus Mass (A) ~ Chage (2) Enegy (TeV)
interaction generators [80, 81] and the onesH 1 1 5
considered here include the quark-gluon string based,, 4 2 8
QGSJet [82], the dual parton with mini-jet based 1 ; 16

SIBYLL [83, 84], the NeXus [85] generatoiBhe
interactions of the low engy hadrons (< 80 GeV) A 27 13 16
were treated using the GHEISHA generator [86]. Fe 56 26 20
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GRAPES-3 trigger is met and only then the EAS down in the atmosphere, where the observations are
parameters, such as the shower size and the muomade. Various distinctive features of the
multiplicity of the simulated shower were calculated fragmentation are smeared out by the occurrence of
for obtaining the simulated MMD. Since there is large fluctuations in the huge number of individual
significant overlap between the MMDs for thleand interactions, during the development and propagation
the Fe groups, thus these two species have beenf the shower in the atmosphefgherefore, we
combined by assuming an abundance ratio (Al/Fe)decided to use the simpler superposition model and
of 0.8 based on one of the direct measurements [99]treat the interactions of an incident nucleus of atomic
Since the abundance rafisFe was fixed, therefore, mass ‘Aas the superposition of the interactioné of
effectively the number of independent mass speciesincident nucleons, from the first interaction.

were reduced to four resulting in a relatively rapid
convegence during the minimization procedure. Only
the showers arriving at a zenith angle<B30C were
simulatedAll hadrons and muons in the shower were
tracked until their engy dropped to 1 GeV

Before going into a detailed comparison of the
observed MMDs for the various shower size groups,
with the results from the Monte Carlo simulations, it
is useful to familiarize with some of the broad features

of the predictions from dérent models. For example,

The simulated MMDs for each of the five nuclei on an average, the QGSJet generator predicts a
were normalized per shower and the contribuéion smaller shower size at the observational level as
of each nuclei is extracted from the minimization of compared to the other two generators, naptbaky
the x* using MINUIT minimization program to SIBYLL and the NeXusThus the QGSJet requires a
reproduce the observed MMD for each shower sizerelatively higher primary engy to generate the same
N, bin. observed shower siz&his is clearly visible from

the distributions of the simulated shower size for the
2 H and the Fe nuclei, for the primary egies of 100
J TeV, as seen from Fig. 18a-the ratio of the shower
sizes for H and Fe at 1d@V is ~ 3.A very similar
result is obtained at 100@V as seen from Fig. 18c-
d. As compared to the QGSJet results, the shower
size is about 10 % lger for the SIBYLLgenerator
where,k is the bin number of the multiplicity and is the lagest for the NeXus generator
represents dferent mass groups in used the
simulations, for examplé,= 1 ~ 5 refers to proton,
helium, nitrogen, aluminum and iron respectiyalyd E Sei.
i = 0 refers to the observational data.andg, are zco ;mg
the mean frequency and the corresponding statistica
error in thek-th bin. Initially the magnitude of the E o E
free parametera, were set to 0.2 and thefexdt of A8 4 et L A

10(Ne) Log10(Ne)

Lo
the initial values on the final result was found to be (o) Poton 100TeY (b) Iron 100Tev

600 | QGSJET 1500 QGSJET
I SIBYLL

negligible. F s s

I NEXUS

(nOK_Zaink
ZZ:Z Y
k

0k +Z(ai5ik)2

(12)
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It has been pointed out by the CORSIKA I

development team [79] that &fent models of -

fragmentation of the incident nucleus, from a full 552 54 56 56 6 © 46 48 6 52 54

fragmentation in the first interaction (superposition (©) Proton 1Py ™ 0 (@ ron 1pey 'O

model), to a partial fragmentation into other nuclei

and their Subsequent interactions. lead to essentiallfig' 18: Distributions of shower size for various interaction
! generators; (a) 100TeV H, (b) 100TeV Fe, (c) 1000reV H,

the same results for most of the observables deep (d) 1000TeV Fe

500 -
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A similar comparison of the distributions of the had used the GHEISHA 6.00 hadronic interaction
number of muons of ergy > 1 GeVthe so called generator [86] at engies< 80 GeV
‘muon size’ N, in the showers initiated by H and Fe N
nuclei for three difierent hadronic interaction 3-2 Composition Results

generators, namelyhe QGSJet, the SIBYLL, and  gjnce one of the main objectives of the GRAPES-3
the NeXus is shown in Fig. 19a-d. It is interesting to experiment is to compare the absolute flux and the
note that the trend is reversed for the muon sjze N enegy spectra extracted from the MMDs with the
as compared to the electron sizg r these three  ogits from the direct measurements, the number of
hadronic interaction generatofene muon size, on  gimylated showers were normalized to the number
an average, is significantly er for the QGSJet  oypacted during the actual observation time of 4.71
generator as compared to the SIBYLL or the NeXus y 175 used in the present analysitie number of
generatorsThis reversal further enhances the yeatected showers in a size group on the average, are
differences in the MMDs when the showers of the pg4yily weighted in favor of protons and other lighter
same electron size,ldre compared. nuclei, due to a relatively lger shower size, as
Since the muon multiplicity in the 560 @mrea compared to the heavier nuclei of the same primary
muon detector at a well-defined distance from the €N€Y as discussed earlighis is shown clearly for
shower core is a key observable in the GRAPES-3H and Fe at 100eVin Fig. 18a-b and at 100@V
experiment, it is relevant to compare the expected!n Fig. 18c-d-The ratio of the sizes is ~ 3 for H and
muon lateral distributions for dérent interaction ~ F€ at these engies.
models.This comparison is displayed in Fig. 20a for The observed MMD for the showers in the size
the showers that were initiated by T08V protons.  r5n4e 1010 is shown in Fig. 21also shown in

The variation in the ratio of the expected muon the same figure are the results of the simulated EAS
densities for diferent generators, namelhe  nitiated by H, He, NAI and Fe nuclei, using the

SlBYLL and the NeXus with thg radial qiSt?mce’ QGSJet generatolt is to be noted that the relative
relative to the QGSJet generator is shown in Fig. 20b.

It is seen that the expected density for the SIBYLL

and the NeXus generators is ~ 10 % smaller as¢ dosu
compared to the QGSJet generatdowever the ~ ST
NeXus generates a broader muon lateral distribution [ R UMD
as compared to the other two generators. Here, we Ry
EOD* H WEOO _31\1 L1 1 L1l L1 L1 1 111 L1l 11 1 111 L1l
. L g%SY,JLEET o GERIET : ‘ " 07720 a0 80 80 100 120 140 C16%‘(WBO " 2)00
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Fig. 20: A comparison of lateral distributions for > 1 GeV muons
Fig. 19: Distributions of N, i.e. number of> 1 GeV muons, for for different interaction generators for 100 TeV proton
QGSJet, SIBYLL, NeXus generators; (a) H at 100eV, (b) showers, (a) QGSJet, SIBYLL, NeXus. Ratio of muon

Fe, at 100TeV (c) H at 1000TeV, (d) Fe at 1000TeV density, (b) SIBYLL, NeXus relative to QGSJet
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abundances of the 4 primary groups (Al/Fe ratio beingpresence of a substantial contribution of the heavier
fixed at 0.8) have been obtained fromyxa nuclei for the reproduction of the observed MMD
minimization for the fit between the observed using the SIBYLL generator as seen from Fig. 22b.
distribution and the sum of the 4+1 distributions is
displayed in Fig. 21a. It is interesting to note that the
summed distribution, also shown in Fig. 21a gives a
good fit to the observed distribution for the full range
of muon multiplicity from 1 to 30 muong\ similar
comparison of the same observed muon distribution
with the summed distribution expected for the
SIBYLL generator is also shown in Fig. 2Zde
summed muon distribution shown in Fig. 22a, also
yields an equally good fit to the observed muon

distribution, although with dferent relative Following the procedure outlined above, the
abundances of various nuclear groups. relative abundances of the four primary groups, were
determined from the simulations using the QGSJet
generatarThis was done for each of the five shower
size groups, namehl 010", 10+-10"°, 10'-10"%,
10%10°° and 10°10°%. The variation in the relative
abundance for the four primary groups with shower
size, over the size range,**Q0*? is shown in Fig.

23 labeled ‘Q'.The results obtained from a similar
analysis using the SIBYLL generator are shown
labeled ‘S’in Fig. 23 As mentioned earliedifferent
shapes of the MMDs as seen in Fig. 21, 22 yield
significantly diferent abundances for the QGSJet and
0the SIBYLL generators, respectively

The discussion above, using the MMDs for two
different shower size ranges clearly demonstrates that
the derived composition of the primary cosmic rays
is intricately linked to the selection of the hadronic
interaction generatoiSince it is not possible to
unambiguously identify a unique hadronic interaction
generator from the present analysis of the GRAPES-
3 MMD data, we had to resort to other constraints to
select an appropriate generator

However from a comparison of the data
displayed in Fig. 21a and Fig. 22a, it is clearly seen
that relatively fewer heavier nuclei are required to fit
the lage (,> 20) multiplicity region for the QGSJet
as compared to the SIBYLgeneratarlt is also of
interest to note that the smati, & 10) multiplicity
region is entirely accounted fdyy the showers due
to the lighter nuclei. Dominance of fiifent mass
groups at diferent muon multiplicities clearly
indicates the sensitivity of this technique to the
nuclear composition of the primary cosmic rays.
These two sets of plots in Figs. 21a, and 22a als
show a clear evidence of the presence of the heavier
nuclei in the primary flux at engies responsible for
the generation of the showers in the size randé; 10 '[ s
10*°. This comparison also shows that the  .f %
interpretation of the same data requires significantly ) e

(a)

different composition for the QGSJet and the SIBYLL
generators.
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In Figs. 21b 22b the observed MMDs for the
showers in the size range®¥00>* are shown for the
QGSJet and the SIBYLgienerators, respectiveflhe
muon multiplicities are significantly lger for this
shower size range and extend from 1 tof6€imilar

o

_ Normalized Number of Showers

analysis using the simulations with the same five | Al ;
components, shows that for this shower size range 10—k '—’J s -

also, the QGSJet generator requires a relatively smal. Detected Muon Number
contribution of the heavier nuclei for the Fig. 21: Comparison of observed MMDs for EAS in shower size
interpretation of the data as shown clearly in Fig. 21b. ranges, (a) 1010 (b) 10>10°2 with simulations of EAS
On the other hand the same analysis requires the by H, He, N, Al and Fe nuclei using QGSJet. Summed

histogram obtained afterx? minimization



High Enegy Astroparticle Physics at Ooty and the GRAPES-3 Experiment 859

while it is almost size-independent for the QGSJet
generatar More significantly the heavy nuclei
(Al+Fe) fraction is relatively laye for theSIBYLL
as compared to the heavy fraction for the QGSJet
generatarlt is to be noted that even a small fraction
of ~ 5 % for the (Al+Fe) component for a given size
s group corresponds to a muchgar ¢ 15 %) fraction
) in the corresponding primary eggrrange This is
due to the well-known fact that the EAS initiated by
the heavy nuclei develop much faster in the
atmosphere, reaching their maximum size higher up
in the atmosphere and then attenuating faster in the
L lower atmosphere prior to their detectidhis leads
to a size at the observational level which is almost
one-third of the size for a H-initiated shower of the
Fig. 22: Comparison of observed MMDs for EAS in shower size ~ Same primary engy. Of course, as mentioned earlier
ranges, (a) 10-10" (b) 1010 with simulations of EAS  the heavy nuclei component is much smaller for the
E_y H, He, N, Al and Fe nuclei using SIBYLL. Summed o her gjze groups for the QGSJet generatbese
istogram obtained afterx® minimization ST . ) ]
results have significant implications for the nature
of the sources of the primary cosmic rays and the
It is rather interesting to compare these results@cceleration processes that are dominant over the

on the relative abundances for these two interaction€N€gy region100-1000TeV [92, 93].

ggnerators, since they a.Iso yield substantially For a direct comparison, the observedpéctra
different trends for the size dependence of thep,e (g he converted into eggrspectra for the five
composition of the primary cosmic rays. On the one ., ,cjear groupsTaking into account the exposure

hand, the H are much more abundant while using thera ooy of the data used for the MMDs, for example,
QGSJet, as compared to the SIBYgéneratoThese  ,nse shown in Fig. 21 and Fig. 22 for a given size
Monte Carlo.3|mulat|ons show that the H showers group and for the two interaction generators, it is
generated using the QGSJet have ~ 15 % more muong,aiively straightforward to convert the relative

as compared to those generated using the SIBYLL,,,nqances that were shown in Fig. 23 to the flux

for the same primary cosmic ray egrThis is also  \5,es for various nuclear groups at a median primary
reflected in the results shown in Fig. 23 where the Henegy relevant for that particular size grodghe
fraction for the QGSJet is > 70 % at N10. 041 engy for each logarithmic Nbin is computed
However thereafter the H fraction decreases with ¢.0 the primary enesy of the showers included in
increasing shower size Nor both the generators,
thereby suggesting a steeper gyespectra for the
H, as compared to the other nuclei. It is specially
significant that the abundance of the H sharply Thus a median primary empris assigned to
decreases by ~ 30 % fromN10* to N,=10** for the each shower size group, using the size-toggner
both the QGSJet and the SIBYLL generators. relations derived from the Monte Carlo simulations
for the five primary nuclear groups and for the two
) ) _ - TR interaction generatord.he relation between the
with increasing size for the QGSJet, while it stays o dian primary cosmic ray empr (E,Jand the

almost constant for the SIBYLIgenerator  magian shower sizé,for the five nuclear groups
Interestingly exactly reverse size dependence is ¢y the QGSJet generator is shown in Fig. Pd.

observed for the fraction of N, wherein this fraction op4in, this relationship we have used the Monte Carlo
increases with the increasing size for the SIBYLL,

(a)

Normalized Number of Showers

Eiaizle

Detected MUon Number

that bin, after imposing the selection cuts discussed
above.

On the other hand, the fraction of He increases
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90 location etcThe shower size is converted into ejyer
= ] H . . . . . .
70 T through this relationship. Similar relationship for the
sl o 00007 e =Q SIBYLL generatgrbetween the shower size and the
30 '\\.\,\. s median enagies was also obtainedhe enegy
Q S spectra so derived are compared with the results
Y gg — 3.} obtained by other groups as shown in Fig.T2& H
e %} — " e and He data are taken from [94, 95, 98-100] and the
§ 0l N, Al and Fe data from [5, 95, 99, 100].
é::: 30 N The engygy spectra for the H and the He nuclei,
P S are shown in the top and second panel of Fig. 25, for
T 10 . - . .Q the two interaction generators, namé)sSJet (blue
2 m) and SIBYLL(rede). The spectra obtained for the
other three nuclear groups namelyAl and Fe are
" shown in Fig. 25 in the third, fourth and fifth panels,
respectivelyHere, it may be reiterated that the spectra
0 for theAl and Fe groups have an identical shape since
4.2 4.4 4.6 4.8 5.0 5.2 the relative abundance was assumed to be 0.8 for these
Log10(Ne) two groupsThey have been plotted separately here
to facilitate a comparison with the results from the
Fig. 23: Relative abundances of 4 primay nuclear groups with

<Log10(E/TeV)>

Fig. 24: Relation between mean primary cosmic ray energy and

simulated MMDs with the same slope of emer

shower size for QGSJet (Q) and SIBYLL (S) interaction
generators

1.8

1.6

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

IIJ‘IJJlIJ\lJJI'\II

4.2

4.4 4.6 4.8 5 5.2
Log10(Ne)

showersize forH and Fe primaries from simulations using
SIBYLL

direct measurements, which are also displayed in Fig.
25.

A good agreement on the nuclear composition
and the en@y spectra of the primary cosmic rays
between the GRAPES-3 results and the direct
measurements is clearly seen when the SIBYLL
generator is invoked, particularly with the JACEE
and the SOKOlesults [95, 98]The comparison with
the direct measurements show that the SIBYLL
generator seems to provide a significantly better
description of the hadronic interactions in the overlap
enegy region from 100 to 300eV. These are
absolute fluxes as they were derived from the shower
size N and the MMD directlywithout recourse to
any other flux normalizatioriThe extension of the
enegy spectra by a factor of ~ 3, for the five nuclear
groups provided by the GRAPES-3 experiment is
consistent with an extrapolation of the spectra
measured by the direct metho#ishough, the shower
size N spectra shown in Fig. 17 can be fitted to a
single power lawhoweverwhen it is combined with
the MMDs, diferent spectral slopes ergerfor the
five nuclei as shown in Fig. 25.

The consistent results obtained using the

spectra and applied the same cuts as in theSIBYLL generator with the direct measurements,

experimental data, including the triggéhe core

underscores the utility of the eggroverlap in the



High Enegy Astroparticle Physics at Ooty and the GRAPES-3 Experiment 861

selection of the appropriate generafocomparison  comparisons shown in Fig. 25, relates to the
of the GRAPES-3 all-particle erggr spectrum with  difference in the steepness of the H spectrum relative
the direct observations [94-96, 98-100] as seen in Figto the spectra of the other nuclear groups which are
26 also display good agreement, except for thedecidedly flatter up to ~ 100DeV. This difference
RUNJOB results [99]. Howevethis comparison of  in the slopes of the erggrspectra may have important
the all-particle spectra does not allow any distinction implications for the nature of the cosmic ray sources
to be made between the QGSJet and the SIBYLLand the environment surrounding them and the
generators. processes responsible for accelerating the nuclei in

the enegy range, 100-1000eV within the galax
An analysis of 6 x 10extensive air showers gy rang g y

and associated muon content as measured in the )

GRAPES-3 experiment, has been used to obtain the 10"
muon multiplicity distribution as a function of the : v’
shower size Nin the range 1%-10°? which 10° b #
corresponds to the emgrrange 100-1000eV. A H v
comparison of the engy spectra for the H and the gl
other four nuclear groups obtained using the MMDs, 10°F
with the direct measurements as shown in Fig. 25, i vV Y,
demonstrates the inadequacy of the QGSJet generator 10°k ’ﬁ‘

. E *:
to provide a good agreement. On the other hand, the F He * %k
SIBYLL generator leads to a significantly better i

iy
(=]
T

agreement between the results from the GRAPES-3
and the direct experiment$his observation is
specially relevant for the comparison of the H spectra
for the following two important reasons, (i) the flux
values from the direct measurements are intrinsically

4

>y

>

£
—!l'—." [}
4%

E?® dI/dE [m?sr's'GeVv/n'?)

more reliable, especially at the lower end of the vV

overlap eneagy region, and (ii) no assumptions are w %ﬁ; ’#.

required for the nuclear break-up in the first incident 1k ®
nucleus-air nucleus collisio® similar conclusion "

is also reached from a comparison of the GRAPES-3 Al L]

enegy spectra with the direct measurements for the
other four nuclear groups. It is seen from Fig. 25 that
there is no significant dérence in the engy spectra

of the He nuclei for these two generators. However

the diferences between them widen for the nitrogen ] :_*v *

and other heavier nuclei. + in..
| Fe
3 L

—
o
1
[ —=—

.
o.
L]

Among the three direct measurements, JACEE,
RUNJOB and SOKOL, the GRAPES-3 results agree
rather well with the JACEE and the SOKOL spectra.
There is a substantial discrepancy in the flux values 10
of the He nuclei reported by the RUNJOB and the 1d
JACEE/ SOKOLexperimentsThe GRAPES-3
results provide good support and continuity with the Fig. 25: H, He, CNO Al, Fe spectra flom direct measuements geen
measurements from the JACEE and the SOKOL Ryan [80], ¥ SOKOL [81], magenta® JACEE [84], *

: . RUNJOB [85], and GRAPES-3 ed ® SIBYLL, biue ®
experimentsAnother compelling result from the QGSJET

10

2
10°  10* 10° 10°
Energy E [GeV/n]
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It is also relevant to remark here that the around 4 x 10eV, the protons have a relatively short
GRAPES-3, proton spectrum agrees very well with path-length before sigring photo-nuclear reactions
the results reported by the other indirect experimentswith the photons of the 2K universal cosmic
such as the HEGRA experimentlat Palma [97]  microwave background radiation, the relic of the big
and theTibetAS/A experiment a¥angbajing [8]. Our  bang.The produced ipns and other mesons decay
results also agree with the KASKADE resultd][1 into the electron, the photons and the neutrifibs.
on the proton flux at 1000eV. Howeverthe results  Bethe-Heitler pair production in this photon field is
from the Tibet AS/y experiment are in serious another mechanism for the production-oéys. Since
disagreement, both with the GRAPES-3 adlas the electromagnetic decay products, naméig
with the JACEE and the SOKOL results for the He photons and the ettrons also have a relatively short
nuclei, probably showing the inadequacy of the path-length in the photon field of the cosmic
shower size spectrum determined with an air showemicrowave background radiation, electromagnetic
array alone, to provide the spectral information on showers develop in the universe as a consequence of
the He and other heavier nuclear groups. the presence of the cosmic ray particles above the
GZK cutof. The obseration of the UHE/-rays that
are the final outcome of the eggross processes of
the extremely high engy cosmic rays in the ZK

The observations of the MMDs with thedar
GRAPES-3 muon detector have provided convincing

evidence for'a steeper eggrspectrum for th.e background [22, 23] becomes an interesting probe of
protons, consistent V_V'th the results from the direct this mechanism. Extensive calculation have shown
measurements obtained from the balloon and they, oy e fi of 10t00TeVy-rays is within the reach
satellite borne detectorshe GRAPES-3 results on . planneg-ray telescopes

the enegy spectra of He, NAl and Fe groups also

agree well with the direct measurements, extending There are a number of possible candidate
the enggy reach and confirming the flatter nature of sources for the production of thefdge flux of UHE

the spectra of these nuclei as compared to the protonsi-rays. Some of theonventionalscenarios for the
The GRAPES-3 results indicate SIBYLL to be a production of thesgrays include; (i) th unresolved
suitable generator for the description of the hadronicpoint sources, such as the distant active galactic nuclei
interactions in the overlap eggrregion from 100to  (AGNSs) and the powerful radio galaxies etc., which
300 TeV. The extension of the ergr spectra by a  in addition may also be the sources of the extremely
factor of ~ 3 up to ~ 100TeV for the five nuclear  high enegy cosmic rays, (ii) the decay of the mesons
groups is also fully consistent with an extrapolation produced in the collisions of the cgad cosmic rays

of the spectra measured by the direct methafth with the interstellar and/or the ingalactic gas and
greater confidence in the suitability of the SIBYLL dust, and finally (iii) the electromagnetic showers
generator at these egees, the analysis of the ¢gar generated in the interactions of the extremely high
size (N> 10* showers is now in progress for enegy cosmic rays with the cosmic microwave
extending these measurements tdteeregion and ~ background photons.

beyond, which may help in understanding the
physical process (es) responsible for this critically
important feature in the ergyr spectrum of the
primary cosmic rays.

In addition to theeonventionakources, several
unconventionaastrophysical phenomena have been
proposed that could produce afdgey ray flux at
the UHE enggies. For instance, it has been speculated
4. Diffusey-Ray Limits that the highest engy cosmic rays may not be

_ _ o _ produced by any acceleration mechanism, but could
Therg is a direct and mpmate connection betv.veenbe the decay pragt of some supanassive particles
the highest engy cosmic rays and the ultra-high (generally termed the X particle) with massm(*
enegy (UHE, ~ 100TeV) y-rays. In principle, this  Geythat can have ergies up to m,. Therefore, no

connection may be exploited for an indirect study of ;..eleration mechanism is invoked to explain the
the highest engy cosmic ays.Above the GZK cutdf
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highest en@y particlesThe massive X particles may Extensive Monte Carlo simulations of the EAS
have originated in the high eggrprocesses in the have indicated that theray showers contain a muon
early universe. Such aanconventionalnon- content of about a few percent of that found in the
acceleration, “top-down” decay mechanism as showersiitiated by the cosmic ray protons of same
opposed to theconventional ‘bottom-up” primary enegy. These results on the muon content
acceleration mechanism has significantlyfedint are based on the conventional values of the
predictions that may be experimentally verifiable electromagnetic and the photo-production cross
[13]. sections [71, 103]. In the past there have been some
reports indicatinganomalously high muon content
in they-ray signals reported from the binary X-ray
sources such as the Cygnus X-3 and Hercules X-1
etc. [104-106]. Howevethe possibility of such an
anomalously high cross section for the photo-
production of the pions is r@lady ruled out by the

Here we report our attempt to detect théudié
y-ray flux above 2deV. In the following discussion
the physical basis for the criteria utilized in
segregating the-rays from the proton induced
showers is outlined, along with a brief outline of

e?;::erattempi Ththe sz%[me.dléectﬂijhe;omparlzon q H1 [101] and the ZEUS [102] experiments on the
ot they-ray wi € proton induced SnOWers, base electron-proton collisions at the HERA accelerator

on thellr "?t“"” tchonte?t prfo tv |dets a rathgr congs_ﬁrvatlveup to an equivalent laboratory eggof 20TeV. The
_uppe_r |m!| OE cera 'Otﬁ hfv OC_OS,?K; r;lyb. ;f] pion photo-production cross sections used in the
IS primartly because the swers initiated by the -\, te carlo simulations mentioned above, were

h_ea§]/¢_|er trl)rI:nary cosmic rtayt ?#Clet'h cont?m based on the HERA measurements and at higher
significantly lager muon content than the proton enegies they were obtained by a smooth

initiated showers fas described in the prgvious SeCtion'extrapoIation of the HERA results.
As already described the GRAPES-3 is gddEAS

array that was designed for the dethstudies of a Since the flux of the cosmic rays reduces rapidly
number of topics, including the @iisey-ray emission  with the primary eney, therefore, a direct and
around 100TeV region.The array contains two statistically significant measurement of the gyer
principle components, nhamelyne density detectors spectrum and the nuclear composition of the primary
and the muon detectors that may be seen in Fig. 2. cosmic rays above 100eV can not be performed
from the balloon or the space borne platforfiitse

£ thT.h (: UHtE.y-r;ys a;nd prﬁtons ag"‘_’g_tf"‘ tt th; AS only practical option available is the indirect method
arth interact in the atmosphere and Initiate "of the detection of the showers produced in the

The EAS arrays on ground sample the Secor](]l"’wyatmosphere, through a ground based array of
shower particles including the electrons, the phOtonS’detectors where exposure factors of 2t are

and th? muon.s that gre prqduced after S_everalreadily achieved. Since the showers on the surface
generations of interactions. It is well knowrathin

of the Earth are dominated by the secondar
showers initiated by the cosmic ray nuclei the y y

dominant £ th i g £ th electromagnetic particles that are savgenerations
ominant source of the muons, 1S decays o . ©removed from the primary cosmic ray particle, there

_cr:argetql meljons p;{ﬁduced . '3 thg r;]adromc is little difference between the showers initiated by
interactions. Howeverthe y-ray induced showers Iprimary cosmic ray protons ageays.

being electromagnetic in nature, the cross section fo
the photo-production of the mesons is much smaller The idea of using the muon content of a shower
than the pair production, by adgrfactor of ~ 1000 to identify the nature of its primary particle dates back
[101, 102] As a consequence, we expect a very tiny to the sixtiesThe presence of the muon-poor showers
fraction of the secondary hadrons to be present inwas reported by the BASJE [107-109] and also by a
the y-ray induced showers relative to the proton Polish-French [10, 111] collaborations. Subse-
induced showersTherefore, a drastically reduced quently other detections were also reported by the
number of muons would be present iaray shower  [112] and theTien-Shan [13] experimentsThe
[31].
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CASA-MIA collaboration had reported an upper limit For the selection of the showers, the following
on the difuse flux of UHEy-rays [114]. Upper limits cuts were imposed during thef-tihe analysis; (a)

on the difuse flux UHEy-rays was also reported by out of the four scintillator detectors with thedast

the HEGRACcollaboration in the engy region 65-  particle densities recorded, the outeost ring of the
200 TeV, based on their study of the lateral detectors must not contribute more than one detector
distribution of the Cerenkov photons in the EAS [28]. (b) the sum of the number of particles in the four
The EASTOP collaboration had also probed the detectors with the highest density musth#0, (c)
diffuse UHEy-rays above 870eV using the muon-  for the six detectors with the highest densthe
poor criterion [30].The CASA-MIA collaboration  distance from the center of the array should not
had subsequently reported newer and more stringenexceed 30 m, (d) number of particles detected in the
upper limit with their complete detector system outermost two rings should not exceed 35 % of the
between 570eV and 5.5 Pe\based on the muon total number of particles detected by the array
content of the EAS [31] he segregation of theray _
from the proton induced showers has become a reality For the analysis of the muon component the
with the advent of the lge area muon detectors that detected muon number' was estimated from the
are operateth association with EAS arrays, which observed muon tracks in the four layers of the

have permitted the detection of the muons with gooddete_c'[Or Further th? o_llrectl_on of eafzmuqn was
statistics required to match within 2@vith the arrival direction

of the shower determined from the electromagnetic

As mentioned earliethey-ray initiated showers component.The number of the detected muons
contain far fewer (< 5%) muons as compared to thedepends on the primary eggrof the EAS, the
proton initiated showerd.herefore, the criterion of distance of the shower core from the muon detector
the showers being unaccompanied by the muons, thend the area of the muon detectothe GRAPES-3
so calledu-poor showers, provides anfiefent EAS array typically several muons are detected if
identification of they-ray initiated showersThis the total number of detected particles in the density
hypothesis is strongly backed by the results obtaineddetectors exceeds 30, for the distances of the muon
from detailed Monte Carlo simulations that havebee detector to the EAS core gf30 m.The width of the
carried out by several independent groups in recentgate for the recording of the muons wagsThe
times [30, 31, 15]. A total of 5.9 x 10showers  muon count rate, unrelated to the EAS trigger was ~
collected over a total live time of 4.5 x’80525 d), 4000 s' per module for the muon that generate a
spread over the 2-year period from March 2000 to coincidence in any 3 out of the 4 layérkerefore, a
December 2001, were analyzed for determining conservative estimate of the mean number of muons
various shower parameters, nametlye arrival due to accidental coincidences is 0.23 per EAS for
direction, defined by the zenitB)(and the azimuthal  all four supermodules in the muon detecttis rate
() angles, the shower size JNthe core position drops to 0.07 per EAS after the condition of the
(x.,y.) and the shower age (s). For each shother  alignment of the muon and EAS directions is
zenith angled and the azimuthal angle were imposed. In Fig. 4 we show the muon multiplicity
determined by using the timing information from the distributions for diferent shower size groups as
TDC information for each detector by fitting a conical classified by the detected number of particles in an
shower frontThe angular resolution of the GRAPES- EAS.
3 EAS array was estimated by using threéediint
methods, namejyhe even-odd, the left-right as well
as from the observation of the shadow of the Moon
on the isotropic flux of the cosmic rayie angular
resolution was estimated to be 0f@r the showers
of enegy as low as 30eV [76].

As already mentioned, thg-ray induced
showers are muon-poor as compared to the proton
induced showers due to the production of a minuscule
number of secondary hadrons through the photo-
production processeshe Monte Carlo simulations

carried out using the CORSIKA code show that about
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2-3% of muons are expected from theay as
compared to the proton induced shower of the same
primary enggy. Since the typical events recorded by
the GRAPES-3 array contain zero to several tens of
muons, we have classified the showers with no
associated muons as the muon-poor evéhesupper
limit on the ratio of theg-rays to the cosmic rays was
obtained using the muon-poor criterion for the
selection of thg-ray candidates as is described below
The real challenge was togign the selection cuts
for the proton induced showers that ensured the
detection of a finite number of muons.
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First, we calculated the median value of the Fig. 26: All-par ticle spectra from direct measuementsA Grigorov
enegy of the primary cosmic rays from the [82], ¥ SOKOL [81], magenta® JACEE [84], * RUNJOB
distribution simulated using CORSIKA for a given (B3], and GRAPES-3 ed @ SIBYLL, blue 8 QGSJET
value of the detected particle densitythe enagy
range from ten to a few hundrédV, we did not find
any significant diference between the proton and the The upper limits obtained from the GRAPES-3
y-ray primariesThis simulation provided the number experiment are shown in Fig. 27 and are compared
of muons for each showeallowing the probability ~ with the results published by other groups. It is seen
of the detection of muon-pogrray showers to be that the GRAPES-3 upper limits on the ratj.J
estimated as a function of the distance from the centefrom the present work are comparable to the ones
of the muon detectoTherefore, the same selection placed by the HEGR&roup [29] for the 50-10TeV
criteria was applied for the density detectors for both region. However in the 100-55[eV region, the
they-ray and proton showers. Next, we use the cosmic
ray enegy spectrum and constrain the core position
in the simulations to generate tgeay induced 1
showers including the triggerfe€ts and the errors
in the estimation of the core position etc. Using these
results, we calculated theiefency for the detection
of they-ray induced showers as muon-poor events.

spectrum.

T T TTTT
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The observational data and the simulation results are 1 02 '. 'AA
displayed in the tabl@he upper limit on the ratio of ~ _© i -
y-to proton flux is given by — - B °
I, N, oor(90%C.L.) 1 [ Eepr | i o
y__ _Yu=poor | Ecr -4 Oy
lcr N &y [ E, ] (13) 10 ®e %
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where N, (90 % C.L.) is the 90 % confidence level 10°
P . 2 3 4

upper limit on the number of muon-poor air showers 10 10 10 10

assuming a Poisson distribution,,Ns the total Energy (TeV)

number of air showers;, is the eficiency for the , - . ,

. . . Fig. 27: Upper limit on the ratio of y-rays to protons as a function
detection of thg-ray induced air showees muon- of primary energy for (a) HEGRA green ¥ [27], (b)
poor air showers. Eis the median cosmic ray eggr AIROBICC blue A [26], (c) UTAH-MICHIGAN yellow
and E is the med|aw_ray enegy anda (:265) is [95], (d) EASTOP purple 4 [28], (€) CASA-MIA magenta
the poweslaw spectral index of the primary eggr * [29], () GRAPES-3 present work red @
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GRAPES-3 upper limits are significantly more high enegy protons emitted during the active phase
sensitive than the ones placed byAHROBICC [28], of a solar flareThe muon telescope is capable of
Utah-Michigan [14], EASTOP [30], and CASA- providing a high statistics, directional study of muons.
MIA [31] experiments. In the important 50-20&V The GRAPES-3 muon telescope has a total area of
enepgy region the GRAPES-3 upper limits are about 560 nf, consisting of 16 modules, each of which is
an order of magnitude smaller than the rEse limit 35 nt in areaThese modules are located very close
of 10 on the ratio 1., at 200TeV rules out models  to each other as shown in FigAZcluster of four 35
based on topological defects for the production of m*> area neighboring modules, located inside a
highest enayy cosmic rays. common hall, constitutes one supermodule with a
total area of 140 mThe enegy threshold of the
telescope is 1GeV for the muons arriving along the
vertical direction.The cutof rigidity at Ooty is 17

GV in the vertical direction and varies from 12 to 42
The GRAPES-3 muon detector is uniquely suited for GV across the field of view of the tracking muon
studies of solar flares, coronal mass ejections andelescopdhe percent variation observed in the muon
these studies provide valuable information on therates from a single module is consistent with a
space weatherSolar flares accelerate clgaed statistical error of 0.04 %, expected from the total
particles through a variety of mechanisms, which may muon counts ~ 6 x2@ver a period of 30 min in the

be constrained through observations at highggeger  sample.This high level of precision permitted a very
(> 10 GeV)We have searched for direct emission of detailed study of the cosmic ray intensity variation
protons of engy > 20 GeVin association with an  to be carried out. For example, the onset of the
X17 class solar flare that occurred on 28 OctoberForbush decrease on 29 October 2003 which started
2003, using the lge area tracking muon telescope ~ 20 h after the start of an X17 class solar flare at
of the GRAPES-3 experiment at Ooty99 % C.L. 09:51 UTC on 28 October 2003 was studied in
upper limit on the flux of protons due to the solar considerable detail with the GRAPES-3 instrument.
flare was placed at 1.4 x T@n1’s*sr'. A separate

upper limit on the narrow solid angle flux of protons . . .
at 4 x 10° cni’s*sr*was also placed. Solar flares are generated by 20 GeV galactic cosmic rays, which

also associated with coronal mass ejections, which@"® of little interest to us here, except for the fact that

propagate through the interplanetary space producin hey f.orn? a stable and dominant background to the
geomagnetic storms and Forbush decrease (Fd ariation in the muon flux produced by the solar flare.

events, upon their arrival at the Earth. New rllet_st?tlstlcallll .var|at|o_rtlsd|nbthe muor} {stemare
information on the structure and time evolution of refatively small In magnitude because of thgear

the lage Fd observed on 29 October 2003 by area of the GRAPES-3 muon telescope, as ~ 3 x 10

GRAPES-3 is also presented hefbe onset of Fd muons are detected every minute, from the hits
in nine diferent solid angle bins (~ 0.3 sr) shows a recorded in the 3712 PRCs of the GRAPES-3 muon

remarkably similar behavipwith an evolution on a telescope [61]The muon data are grouped online

time scale of ~ 1 I power law dependence of the every 10 s, into solid angle bins of ~ 0.0%snsistent

magnitude of the Fd on the cuitaidity was derived, with the angulgr resolutlon.of the m.uon' telescope.
However despite the drastic reduction in the data

using the data from tracking muon telescope, over a

narrow range of cutéfigidity 14.3-24.0 Gywhich generated due to this angular segmentation, we still
showed a spectral gpe 'y = 053 + 0.04” in 'ecord ~9 GB of data from the four supermodules

i . every da
agreement with earlier measurements. y day

5. Solar Phenomena

5.1 High Energy Protonsin Solar Flares

However most of the detected muons are

The relativistic solar particles can provide a key
to the understanding of the acceleration processes at
work in the SunThe global network of NMs has

The very lage area tracking muon telescope
operating as part of the GRAPES-3 experiment [60,
61] is an unique instrument used to search for the
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been used to detect relativistic neutrons produced irfield, there is a considerable degree of uncertainty in
the atmosphere from the interactions of the highthe actual travel time of the egetic solar protons.
enepy particles from the Sun, which were accelerated The NM data showed the presence of the proton flux
during the solar flare on 28 October 2003 around over an extended period of timehus an interval of
11:10 UTC nearly 80 min after the detection of this 30 min was expected to provide a reasonable time
flare in x rays.This solar flare had followed in the window for the detection of any direct high emer
wake of the highly disturbed interplanetary conditions protons from the solar flar&éhe exact choice of the
prevailing because of the earlier eruptions that hadtime window is not a critical parameter because the
occurred in the SuM/e have searched for the direct upper limit on the proton flux is not particularly
emission of protons at the time of this solar flare. sensitive to the duration of the time window selected.
However during the period of interest only three out Since > 1 GeV muons are secondaries produced by
of four supermodules were operating and thereforethe primary protons of engy > 20 GeVin the

the total area of the muon detector was reduced taatmosphere, therefore these observations were used
420 nt. In Fig. 28 the pressure-corrected GRAPES-3 to place a 99 % C.L. upper limit of 1.4 x1én1’s™

data of 28 October 2003 for the muon rates summedsron the wide-angle (~ 2.5 sr) flux of solar protons.
over the three working supermodules is displayed. The tracking muon telescope is being operated round
The variation in the rate of muons, with an amplitude the clock to search for direct protons during the solar
of ~1 % due to the diurnal anisotropy is clearly visible. flares which may occur in the future.

However no statistically significant excess was
recorded in the time interval of 30 min after the start
of the solar flare at 09:51h UTC, indicated by the
first arrow in Fig. 28 or after1t10 h UTC, indicated

by the second arrow when the global network of NMs _ o
is possible to enhance the sensitivity of the muon

started recording an increase in the rate of neutrons. ) _
detector by incorporating the measurement of the

The value of 30 min was selected as the arrival direction of the muon$his novel feature was
enegetic (multi-GeV) protons are expected to arrive incorporated into all four supermodules of the
within 1-2 times the light travel time (8-16 min) from GRAPES-3 detector by recording the muon direction
the Sun to the Earth as given in the model quotedinto 225 solid angle binsThis capability was
above [16]. Howeverin the absence of the precise achieved after the installation of neadditional
knowledge of the engy spectrum of solar protons direction-sensitive trigger electronics and a separate
at high enagy and that of the interplanetary magnetic data acquisition system for each of the four
supermodule#As shown in Fig. 29, for each PRC in
the lower layerthe muon angle is determined and
binned into 15 angular bins based on the specific PRC
39000 | ' ] triggered in the upper layer from among the 15 PRCs,

" one directly above (central PRC) and 7 each on either
1 side of the central PR his angular binning is
agso0 b I O . S carried out in each of the two orthogonal projections
2 A T A O e B A (XZ andYZ), thereby generating a 2-dimensional 15
x 15 = 225 solid angle map of the muon directions.
PP S N D S S N S S N A The contents of the 225 solid angle bins are recorded,
g 4 . 12 1 = 2 once every 10s, thus permitting a continuous

Time in hours (UTC) . ) i ) A
monitoring of the directional flux of the muons in
Fig. 28: Variation in total muon rate for 3 supermodules on 28 the sky
October 2003, afteratmospheric pressue correction. Sart
of solar flare indicated by the first arrow. Second arow
indicates stat of prompt component detected by NMs

It is well known that the solar protons of
enegies of tens of Ge\Wheed not be observed from
the direction of the Sun, due to their deflection in the
interplanetary and geomagnetic fieldberefore, it
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Although the excess in the muon rate can be
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Fig. 29: A schematic view of muon arrival angle selection based on Projected Angle in E-W Plane
the PRC triggered in the lowerand 15 PRCs diectly above,
in the upper layer. Triggered PRCs ae shown as filled
squares

Fig. 30: A schematic of nine solid angle bins of muon arrival
dir ections Also shown ae contours of constant geomagnetic
cutoff rigidity in the field of view. The cutoff rigidity varies

. . . .. from 12 to 42 GMin the FOV of GRAPES-3 muon telescope
searched for in any of the 225 solid angle bins, it is

expected that the flux of the solar protons from a flare
would be spread over several bififis directional  angle bins of the muon arrival directions in two

spread could arise from a number of factors, namely orthogonal projected planéghe geomagnetic cutof
(a) the size of the bin is comparable to the angularrigidity varies from a low value of 12 GV in the west
resolution of the muon telescope, (b) the magnetictp 42 GV in the east direction within the FOV of the
field in the solar flare and in the interplanetary GRAPES-3 tracking muon telescopEhus the
regions, (c) the terrestrial magnetic field, and (d) the measurement of the direction of muons in the

transverse momentum imparted in the atmosphericGRAPES-3 experiment permits thefexft of the
collisions.Therefore, for the purposes of the present rigidity on various solar phenomena to be

study the muons have been regrouped into 3x3 = 9gystematically studied.

coarse solid angle bins, as shown schematically in

Fig. 30.This regrouping of the data has been done No statistically significant excess was seen,
by either combining a set of 3x5 or 5x5 solid angle from any of the nine directions in the muon rate,
bins.The exception being the vertical direction which during an interval of 30 min, after the start of the
combines 3x3 binsThis peculiar choice of binning ~ Solar flare at 09:51 h UTC on 28 October 20039

is dictated by the fact that the muon flux is % C.L. upper limit of 4 x 10 cn*s™sr™ on the
comparatively lager for the near central directions harrow-angle (~ 0.3 sr) flux of the solar protong of
(N, E,W, S) as compared to the outer directions (NE, 20 GeV from each of the nine angular regions was
SE, NW SW).This regrouping of the data results in placedThe GRAPES-3 wide-angle upper limit along
a relatively similar solid angle coverage for the nine With those obtained for the solar flares of 29
bins. Therefore, this re-binning also results in muon September 1989 by the Baksan group [49] and of 14
statistics for various bins which are not too dissimilar July 2000 by the L3 [52] are also shown in Fig./81.
from each otheiThe geomagnetic cutofigidity for ~ flux of neutron of 2 x 10 cnr’s”above 10 GeV
the field of view (FOV) of the GRAPES-3 muon claimed by th\GASA group [51] for the solar flare
telescope varies significantly for the nine solid angle ©f 4 June 1991 is also shown in Fig. 31. For a
bins. In Fig. 30 the contours of the constant comparison the flux of particles recorded using NMs
geomagnetic cutdfrigidity in the FOV are during one of the lgest flares recorded on 23
superimposed over the schematic of the nine solidFebruary 1956 and the one onAgil 2001 is also
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Fig. 31: Integral flux of pr otons with energy on 28 Octobe2003;
(a) based on 100-600 Me\GOES-10/11 and sub-GeV
balloon data, (b) worldwide NM data, (c) magentcl > 20
GeV GRAPES-3 upperlimit, (d) greenA >10 GeVAGASA
flux on 4 June 1991, (e) grenV > 40 GeVL3 upper limit
on 14 July 2000, (f) bluex > 500 GeV Baksan upper limit
on 29 Septembed 989, (g) ed ® NM data on 15April 2001,
(h) yellow = NM data on 23 February 1956

shown in Fig. 31The flux of the solar neutrons for
the 4 June 1991 flare was estimated to be 1-2% 10
cnr’s* which is about two orders of magnitudegiar
than the 99 % C.L. upper limit of 1.4 x*¢ht
’s'sr* on the wide-angle flux of particles placed by
GRAPES-3 for the 28 October 2003 flare. In addition,
the tracking feature of GRAPES-3 muon telescope
allowed us to place a slightly less stringent 99 % C.L.
upper limit of 4 x1€ cnT’s*sr* on the narrow-angle
flux of solar flare particles, for which, in absence of
tracking, there is no counterpart in tA6GASA
experiment.

Based on the past observations, the gper

it is very difficult to arrive at a definitive conclusion
on the enayy spectrum of the solar flare particles in
view of the huge variation seen from flare to flare;
based on the past claims, it is likely that the solar
flares may accelerate protons to gies well above
100 GeV45, 49].A lower limit on the spectral index
of an assumed power law for the enyespectrum of
the 28 October 2003 flare can be placeg at5.3
based only on the worldwide NM and the GRAPES-
3 data. Howeverin view of the rapidly changing
spectral indies and/or cutéd observed in the case
of most of the solar flares, the actual value of the
spectral index is likely to be significantly higher
[117]. The narrow-angle upper limits on the flux of
solar flare particles derived for the nine bins are very
similar and for that reason a common value of 4 x
10° cmi’s™sris obtained.

5.2 Forbush Decrease

In addition to the acceleration of particles due to the
enepy released from the coronal loops, the solar
flares are also associated with the coronal mass
ejections which are blobs of plasma ejected during
the flaring activityAn expanding CME-driven shock
front accelerates ions at various helio-longitudes.
Apart from the complex structure of a CME and its
interaction with the heliospheric magnetic cayity
effect on the structure of the geomagnetic field is also
very important for various studies at the Earth. It is
widely recognized that the CMEs and high-speed
streams from the coronal holes have considerable
influence on the propagation of the particles within
the heliospherelhe interaction of these flows with
the quiet solar wind creates regions of compressed
heated plasma and shocks which are responsible for
further acceleration and modulation of the particles
incident over the atmosphere of the Earth. Detailed

spectra of the particles accelerated in the solar flare®bservations on the modulation of the cosmic rays,

display considerable complexitlf is reasonable to
assume that the emgr spectrum of the particles
accelerated during a solar flare follow a power. law
A compilation of the major solar flare events during

using NMs and muon telescopes, provide important
information for modeling the propagation and
acceleration of the solar egetic particles in the
interplanetary mediunT.he short-term modulations

the past 60 yr has shown that the spectral index ofsuch as Fds may be related, either directly to the
the assumed power law shows progressive steepeningnaterial ejected from the Sun or to the transient

with increasing engy of protons, reaching a value
of 3.5-4.0 at engies above 10 GeM17]. However

interplanetary shocks generated by these ejections
[54, 55].
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The capability to observe the directional muon As shown in Fig. 30, the geomagnetic ctitof
flux, with the three working supermodules, provides rigidity for the nine bins in the GRAPES-3 field of
a completely new view of the evolution of a Fd, which view varies from 14 to 42 GMhis fact combined
should help in modeling the propagation of the high with the high quality GRAPES-3 muon data, makes
enegy particles in the interplanetary and in the near it possible to study the rigidity dependence of the
Earth regionsThis may be seen from the detailed magnitude of the Forbush decrease observed on 29
information available on the Fd, observed on 29 October 2003The mean geomagnetic cutagidity
October 2003 from the nine solid angle bins, eachfor the nine solid angle bins varies from 14.3 GV in
with a solid angle coverage of ~ 0.3 sr as displayedwest to 24.0 G\ih the east directioThe muon rates
in Fig. 30.The observed muon rate for time intervals averaged over 6 min successive intervals for the nine
of 6 min for one of the nine bins, namgly”, after solid angle bins were used to estimate the magnitude
applying appropriate corrections for the variation in of the Fd in each direction. In Fig. 33(a) the magnitude
the atmospheric pressure as a function of time in hourof the Fd is shown, as a function of geomagnetic
UTC on 29 October 2003, is shown in Fig. 3Be cutoff rigidity for the nine binsA clear inverse
rapid onset of the Forbush decrease starting arounatorrelation between the geomagnetic dutigfidity
7 h and lasting until 18 h UTC is clearly visibMso and the magnitude of Fd can be noticed, because the
shown in Fig. 32 is dot next to the legenddwhose magnitude of the Fd decreases as the tritpélity
diameter represents the size ofolerror bar increasesA change of 1.6 % in the magnitude of the
Therefore, the rich structure in the muon rate seenkd is seen in going from 14.3 to 24 (Nowevey
during the onset of Fd is to be regarded as real, and ianother interesting feature of this variation is the set-
indicates the rapid variation in the evolution of the wise clustering of the values of the Fd magnitudes
Fd on a timescale of minutes. It has been pointed out into groups of three bin§he three east bins labeled
that a “two-step” structure observed in several Fds isNE, E, SE and represented by filled circles in Fig. 33
caused by the ejecta and the shotdotf of the CME ~ (a) form a clusterBut the middle bin “E” shows a
[118]. Therefore, any model proposed to account for sizable departure in its magnitude (~ 0.4 %) as
the particle acceleration and propagation through thecompared to the two outer bins NE and SE. Similarly
interplanetary space during a solar flare should alscthe three center bins labeled\W,and S represented
be able to explain this rich time structure during the by filled triangles also show clustering with bih
onset phase of the Fd. separated by ~ 0.5 % from the other two bins N and
S. The displacement of bikV in the west set,
represented by filled squares, is the@émt ~ 0.8 %
with respect to the remaining two bins, namalWw
and SW

The inverse correlation between the magnitude
of the Fd and the geomagnetic c@itagidity is an
established feature of the phenomenon of Fd, and it
can be readily understood on the basis of the rigidity
spectrum of the modulation of the cosmic raiyse
rigidity dependence of the magnitude of the Fds have
been measured by a number of groups primarily using
NMs. The rigidity dependence can be reasonably
approximated by a power law of the type, K% r
wherer is the rigidity in GV and the measured spectral
Fig. 32: Observgd var.iation in muon rate on 29 October 2003 in indexy ranges from 0.4 to 1.2 IB] Although the

the vertical bin "V". Muon rates shown are for 6 min <o e displacement of the middle bin relative to

intervals. Diameter of small dot right of legend 1o equals L . . .
1 sigma statistical erpr bar the remaining two bins in each set is rather small (~

Rate Change (%)

0 4 8 12 16 20 24
Time in hours (UTC)
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Fig. 33: (a) Observed variation in the magnitude of Forbush
decrease (%); (b) Simulations for the magnitude of Forbush
decrease (%). Both as a function of geomagnetic cutoff
rigidity (GV) for the three sets of nine solid angle bins,
namely, (i) NE, E, SE (filled circles), (ii) N, V, S (filled
triangles), (iii) NW, W, SW (filled squares). The middle bins
(E, V, W) display sizable deviations ~ 0.5 % from the
remaining two bins. Simulations are for a rigidity
dependence of Fd magnitude = 12.8 % x (r/30)"%

0.5%), given the small value of the statistical error in
our measurements this effect becomes significant.
Note that the middle bins (E, V, and W) in the
respective sets of solid angle bins point to a direction,
closest to the local vertical direction. Therefore, not
surprisingly, these three bins record a larger flux of
muons due to a lower threshold energy, caused by a
relatively smaller angle of incidence. In order to
determine the dependence of the magnitude “A(r)”
of the Fd (in %) in a given bin, Monte Carlo
simulations were carried out with an assumed rigidity
dependence described by the following power law:

A(r)=K(% )x(r/30)7" (14)

where r is the rigidity in GV. In simulations the effect
of the instrumentation such as the rigidity cutoff, solid
angle of acceptance, angle of incidence, etc. were
included to compute the expected magnitude of the
Fd, for the nine bins. A chi-square minimization
method yielded the following values for the
parameters of the power law fit: K = (12.8 £ 0.3) %
and y = 0.53 = 0.04. This Monte Carlo simulation
gave an rms spread of 0.19 % in the magnitudes of
observed and simulated data. A rms value of 0.19 %
between observed and simulated data sets, although
larger than the intrinsic statistical error in the observed
data of ~ 0.1%, this disagreement is not considered
unsatisfactory in view of the numerous
simplifications made in carrying out the Monte Carlo
simulations.

The simulated magnitudes of the Fd for the nine
bins are shown in Fig. 33(b). The simulated data
reproduces the pattern of Fd magnitudes which is very
similar to that of the observed data. The close
agreement between Monte Carlo simulations and
observations indicates that the major features of the
data have been adequately accounted for in terms of
known effects such as the angle of incidence, energy
threshold, etc. The value of the spectral index y =
0.53 = 0.04 of the rigidity dependence of the
magnitude A(r) of the Fd is in agreement with the
other measurements (0.4-1.2) as mentioned earlier
[118]. Present observations also demonstrate the
ability of the GRAPES-3 muon telescope to make
precision measurements on the solar phenomenon
such as the Forbush decrease, including its rigidity
dependence and anisotropy in real time. Finally a
search for direct emission of protons of > 20 GeV in
association with the solar flare of 28 October 2003
yielded a 99 % C.L. upper limit on the wide-angle
flux of the solar protons at 1.4 x 10°cm™?s™'sr”'. This
upper limit is significantly lower than the limits and/
or fluxes reported by all other experiments at
comparable energies. The tracking feature built into
the GRAPES-3 muon telescope was exploited to carry
out a narrow solid angle search of the direct protons.
The negative result obtained was used to place a 99
% C.L. upper limit of 4 x10° cm™s™' sr'. The
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significance of this novel feature of the GRAPES-3 been presented. Continuing with the philosophy of
muon telescope was discussed in relation to theAcharya J.C. Bose and DiHomi J. Bhabha with
observations pertaining to the propagation of the solarstrong emphasis on the development of state-of-the-
flare particles in the interplanetary medium near the art detectors and signal processing electronics has in
Earth. New information on the time evolution during the long run paid rich dividend#llowing the

the onset of the Forbush decrease of 29 October 20035RAPES-3 collaboration to perform world-class
on a time scale of an hqus provided. Rigidity = experiments in astroparticle physics at a fraction of
dependence of the magnitude of the Fd, over athe cost elsewher&he thriving activity has attracted
relatively narrow range of geomagnetic ctitigfidity a lage number (34) of scientists from within India
(14.3-24.0 GV) was derived using the data from the and abroad to join and contribute to further growth
tracking muon telescop&he estimated value of the  of this activity The GRAPES-3 collaboration has
spectral index = 0.53 + 0.04 is in agreement with demonstrated its unique capability to measthe

the earlier measurements which range from 0.4 tocosmic ray composition with unprecedented
1.2. resolution.The GRAPES-3 collaboration has also
placed the most sensitive upper limits on théudé

flux of 100 TeV y-rays and is now poised to make
Expansion plans in a number of areas including still more sensitive measurements with the planned

doubling of the area of the muon detector is being exparsion of this experiment. Precision studies of
initiated © further increase the sensitivity of this 1€ Sun induced phenomena such as the solar flares,

experiment. Plans are also afoot to install gdar €0ronal mass ejections arefesfng a new probe to
imaging telescope to measure the CerenkovStudy the space weather

component of the EAS in a bid to expand the reach
of the experiment to include this component which
would provide infomation on the longitudinal | am grateful to every present and past member of
development of the EAS and also the primarygper the GRAPES-3 collaboration stationed in Qoty
in a completely independent mannéris also Mumbai, Osaka and elsewhere for making this
proposed to expand the area of the array with reduce@xperiment possible, and for carrying out the research
detector density to cover a muchgarareato extend and developmental activities that were summarized
the enegy reach of the experiment to 1€V and here. These multi-tasking members of the GRAPES-
thereby create a single facility to study the cosmic 3 collaboration have made indispensable
radiation all the way from 10to 1G%eV, a range of  contributions to the success of this enterprise and their
nearly 5 orders of magnitude. Finally plans are enegy has made it a joy for me to work with them. |
underway to install neutron monitors to further thank Pranaba Nayak for assisting in converting the
enhance the capability to study various space weatheoriginal document written ihaTexto word format
phenomena. required for PINSA as well as for pointing out several
mistakes in the manuscript. Special thanks are due to
Sibaji Raha for extending the invitation to write this

A brief survey of the present GRAPES-3 experiment, &rticle and encouraging me all the way
after starting from the early activity in the fifties has

6. Future Plans
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