Astroparticle Physics 31 (2009) 24-36

journal homepage: www.elsevier.com/locate/astropart

Contents lists available at ScienceDirect

Astroparticle Physics

Measurement of some EAS properties using new scintillator detectors

developed for the GRAPES-3 experiment

The GRAPES-3 Collaboration: P.K. Mohanty?, S.R. Dugad ?, U.D. Goswami?, S.K. Gupta®*, Y. Hayashi®,
A.lyer? N.ItoP, P. Jagadeesan?, A. Jain?, S. Karthikeyan?, S. Kawakami®, M. Minamino®, S.D. Morris ?,
P.K. Nayak?, T. NonakaP, A. OshimaP®, B.S. Rao?, K.C. Ravindran?, H. Tanaka?, S.C. Tonwar?

A Tata Institute of Fundamental Research, Mumbai 400005, India
b Graduate School of Science, Osaka City University, Osaka 558-8585, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 10 September 2008

Received in revised form 29 October 2008
Accepted 9 November 2008

Available online 27 November 2008

The GRAPES-3 extensive air shower (EAS) array started operation with 256 scintillator detectors at Ooty
in India. Each detector is viewed by a fast photomultiplier tube (PMT) mounted at a height of 60 cm above
the scintillator. However, for further expansion of the array, an alternative readout of the scintillator
using wave-length shifting (WLS) fibers is employed. This resulted in improved performance with a larger

photon signal and a more uniform response. With the inclusion of a second PMT, the dynamic range for
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particle detection has been increased to ~5 x 10> particles m~2. We now use plastic scintillators, devel-
oped in-house to cut costs. The measurement of the density spectrum, shows a power law dependence
with an index y = 1.57 £ 0.04. Using the zenith angle dependence of the density spectrum, an attenuation
length A, =98-106 g cm~2 for the EAS is obtained. These measurements are found to be consistent with
the results reported earlier by other groups.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The GRAPES-3 (Gamma Ray Astronomy at PeV EnergieS - phase
3) is a high density extensive air shower (EAS) array designed for
precision study of the cosmic ray energy spectrum and its nuclear
composition using the muon multiplicity distribution [1] in the en-
ergy range from 3 x 103 eV to 3 x 10'® eV. The experiment was
started with 256 plastic scintillator detectors (each 1 m? in area)
deployed on a hexagonal pattern, at Ooty (2200 m altitude,
11.4°N, 76.7°E) in southern India in 2001. The scintillator detector
is viewed by a fast photomultiplier tube (PMT) in a conventional
configuration; wherein the PMT is mounted with its photo-cathode
face at a height of 60 cm, above the scintillator. The entire assem-
bly of scintillator and PMT is housed inside a highly reflecting trap-
ezoidal shaped light-tight aluminum container [2]. The GRAPES-3
array also contains a large area (560 m?) tracking muon telescope
[3] to detect and measure the muon component in the EAS. The
muon telescope is an effective tool, in the study of the nuclear
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composition of primary cosmic rays. The tracking muon telescope
has also proved to be an invaluable tool in the studies of the solar
flares, coronal mass ejections and the subsequent Forbush decrease
events observed at the Earth [4,5].

The occurrence of the ‘knee’ in the cosmic ray energy spectrum
around 3 x 10" eV is believed to be intimately related to the issue
of cosmic ray origin. But even after several decades of study, a clear
understanding of the origin of the ‘knee’ is yet to emerge. Clearly
the data obtained with higher sensitivity and lesser uncertainty
in the estimation of the primary energy and the composition are
expected to provide a better understanding of this important fea-
ture of the high energy astrophysics.

An efficient detector system should provide a large separation
between the PMT noise and the signal due to the charged particles
in the EAS, and should also have a uniform spatial response over
the entire area of the scintillator. In the original GRAPES-3 trape-
zoidal shaped detectors, the scintillation photons collected at the
PMT are, primarily due to diffuse reflection from the inner walls
of the container [2]. This is not an efficient process, and results in
a sizable loss of the signal. Most of the scintillator detectors had
a photon output <10 photo-electrons, even for the 5cm thick
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scintillators used. The geometry of the detector also resulted in a
large spatial non-uniformity in the signal across the detector and
a variation ~30% is observed in photon output from the center to
the edge of the detector. In view of these limitations, we have
investigated the use of wave-length shifting (WLS) fibers [6,7] for
an efficient collection of photons.

Observation of the photon pulses with a decay time of a few
nanoseconds in plastic fibers were reported in 1981 [8] and subse-
quently, extensive development of the plastic fibers occurred. Use
of WLS fibers, where wave-length shifting cores ranging from sev-
eral hundred microns to a few mm diameter, surrounded by single
or multiple layers of cladding of progressively lower refractive
indices were developed. The double clad WLS fibers provide read-
out of the blue photon emitting scintillators in a detector, with the
subsequent re-emission of the photons in the green wave-length
using a 3-hydroxyflavone (3HF) type wave-length shifter present
in the core material [9]. A fraction of the re-emitted photons are
transported to the end of the fiber through total internal reflec-
tions. 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 [10].

We have developed a new scintillator detector with signifi-
cantly improved performance, by a suitable placement of the
WLS fibers in machined grooves on the scintillator surface. Since,
the spatial uniformity and the response time of the scintillator crit-
ically depends on the layout of the fibers, the performance of the
detector has also been simulated using a Monte Carlo simulation
code ‘G3ScSIM’ developed by us. A direct comparison of the results
from the simulations and the actual measurements has allowed, a
better understanding of the performance of the detector to emerge.
Three different layouts of WLS fibers were evaluated using Monte
Carlo code, G3ScSIM. However, the final configuration has been
adopted on the basis of cost effective fabrication with excellent
uniformity and high photon output. The saturation of the PMTs
encountered at very high particle densities in the earlier GRAPES-
3 detectors, limited their use over a wider range of primary cosmic
ray energies. To overcome this limitation, the WLS fiber detectors
have been designed with two PMTs. The results of the tests and
the performance of the new detectors is summarized here.

The density distribution of the particles observed in an EAS
detector station provides a useful and simple method of probing
the energy spectrum of the primary cosmic rays. The integral den-
sity spectrum is defined as the frequency N(p) with which the par-
ticle density exceeds a value p at a given location. To a first
approximation the density spectrum N(p) is given by,

N(p) =K x p~ (1)

However, the actual measurements have shown that y is only
approximately constant and it shows a very weak dependence on
the detected particle density. Nevertheless, for most purposes a
constant value of y provides an adequate description of the data.
If all EAS have an identical lateral distribution, the density spectrum
represented by Eq. (1) implies a similar size spectrum of EAS [11].
The measurements of the density spectrum have shown a clear
power law dependence as outlined above. The density spectrum ob-
tained from a plastic scintillator detector at an altitude of 2770 m at
Mt. Norikura showed a dependence of N(p)=K x p~7; where
y=1.55%0.05 was obtained in the density range 50-10* particles
m~2, which progressively increased to 2.0 at the densities beyond
2 x 10 particles m~2 [12].

The zenith angle distribution of the EAS has been studied for a
long time to measure the attenuation of the EAS in the atmosphere
[13,14]. The zenith angle distribution of the EAS for different par-
ticle densities has been used to estimate the attenuation length
of the EAS by the ARGO-YB]J collaboration. They have reported an

attenuation length of (124 + 11) g cm~2 in Tibet, at an atmospheric
depth of 606 g cm~2 [15]. The KASCADE collaboration has studied
the attenuation of the EAS in great detail at the sea level, and have
obtained a value of (100-120)gcm™2 for this parameter [16].
Although, a direct comparison of the above two experimental re-
sults is rather difficult, owing to the different altitudes of observa-
tion and radically different methods of data analysis employed.
However, the fact that the magnitude of the attenuation length
are same within stated errors, indicates that it is very useful
parameter to describe the attenuation of EAS in the atmosphere.

2. The experimental setup

A special experimental setup has been erected, for studying the
performance of the scintillator detectors being developed. A sketch
of the arrangement used in this setup, consisting of three sets of
trigger scintillators is shown in Fig. 1. The two scintillator hodo-
scopes are placed, directly above and below the scintillator detec-
tor under development. Each hodoscope consists of a total of 10
strips of plastic scintillators, each strip is 50 cm long with a
cross-sectional area of 10 cm x 2 cm. The 10 strips are divided into
two groups of 5 strips each. The first group of 5 strips labeled U1
through U5, are placed adjacent to each other to form a layer, cov-
ering an area of 50 cm x 50 cm, seen as the top layer in Fig. 1. The
second group of 5 strips labeled L1 through L5, are also similarly
deployed, but along a direction orthogonal to the first group. Each
strip is viewed by an individual 5 cm diameter, fast PMT (model
ETL-9807B) coupled directly to the strip. To avoid the cross-talk,
each strip is wrapped in aluminum foil and then inside a layer of
black plastic sheet. The high voltage applied to each PMT is ad-
justed, to make it fully sensitive to single muons. Thus, each hodo-
scope records the passage of a through going muon by the two
groups of scintillator strips along two orthogonal, namely X- and
Y-directions to a precision of 10 cm x 10 cm. A total of 25 localized
cells, of constant cross sectional area (10 cm x 10 cm) are obtained
from each hodoscope as is shown in Fig. 1. A vertical separation of
50 cm between the two hodoscopes allows the direction and the
location of each muon to be determined.

In addition, another plastic scintillator (50 cm x 50 cm x 5 cm
in size) is placed below the lower hodoscope, inside an inverted,
trapezoidal shaped cone, with inner surfaces painted black. The
PMT viewing this scintillator is placed at the bottom of the cone,
which detects only direct photons, thus providing significantly bet-
ter timing.

Upper Strips
~  Ul-Us

Lower Strips
L1-L5

Hodoscope-1

Test Scintillator

-
Hodoscope—2

Cone Detector

PMT

Fig. 1. A sketch of the experimental setup with two identical hodoscopes placed,
above and below the test scintillator along with the trapezoidal shaped detector.
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The muon trigger is generated as described below. As shown in
Fig. 2, the output pulses from each of the PMTs coupled to the 10
strips from the 2 layers of a hodoscope, are discriminated to pro-
duce logical output pulses. Next, a logical OR of the discriminator
outputs, from the 5 strips in a layer called OR1 is generated which
indicates the passage of a muon through layer 1 in hodoscope 1.
Thus the 4 layers of the scintillator strips from the two hodoscopes
provide 4 independent signals OR1, OR2, OR3, OR4 during the pas-
sage of a muon. Finally, a 4-fold coincidence of OR1, OR2, OR3, OR4
is taken to generate the initial muon trigger po. The output of the
PMT from the trapezoidal shaped detector is also discriminated
and its coincidence is taken with | after a small delay, to generate
trigger ;. Signal [, provides faster timing, because the trapezoidal
shaped detector triggers only on direct photons which have signif-
icantly smaller time spread. Signal |, is subsequently also used as
the GATE for the charge integrating analog to digital converters
(ADCs) and as the START for the time to digital converters (TDCs).
Since 1, is generated by a 5-fold coincidence, it provides a rela-
tively clean muon trigger, free from the noise in the PMTs.

The passage of the muons through the specific scintillator strips
in the two hodoscopes is obtained, by latching the discriminator
output pulses from all 20 strips as a flag by the use of a 20-bit flag
latch module, where the corresponding bit for the strip is set to the
logical state ‘1" if that strip is hit, otherwise it is set to the state ‘0’.
Normally a muon would results in at least 4 strips being hit from
the 4 layers of scintillators in the two hodoscopes. A small fraction
of the total events record hits in more than one strip in a single
layer, which might be due to the passage of an inclined muon,
through two adjacent strips or due to the production of a knock-
on electron by the parent muon. Events with such multiple hits
are rejected during the subsequent data analysis.
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Fig. 2. A schematic diagram of the trigger and signal processing setup used in the
measurements.

The information on the scintillator strip hits are used to localize
the muons to within cells of 10 cm x 10 cm in size, as shown in
Fig. 1. However, only near vertical muons are selected for further
analysis. To obtain a reasonably good statistics, the data are accu-
mulated over a period of 7 days. The ADC and the TDC distributions
are obtained for each of the 25 position cells (10 cm x 10 cm in
size). These ADC and TDC distributions are then compared with
the results of the Monte Carlo simulations. The PMT viewing the
test detector has been calibrated by measuring its response to sin-
gle photons, which is shown in Fig. 3. The observed first photo-
electron peak has been fitted to a Gaussian function. The width
of this fit is used in the subsequent Monte Carlo simulations to
generate the PMT response.

In the present study, Kuraray double clad WLS fibers of type Y11
(200) [17] have been used. These 1 mm diameter fibers consist of a
central polystyrene core (refractive index # = 1.59) with two outer
claddings of progressively lower refractive indices. The inner clad-
ding is polymethyl-methacrylate (PMMA) with # =1.49 and the
outer cladding is fluorinated polymer (FP) having # = 1.42. All fibers
are cut to a length of 1.3 m. To place the WLS fibers inside the scin-
tillator, 1.5 mm wide and 2 mm deep grooves have been machined
on the surface of the scintillator (50 cm x 50 cm x 2 cm). Three dif-
ferent groove designs named, ‘parallel’, ‘matrix’ and ‘c’ have been
investigated. The layout of these 3 designs are schematically shown
in Fig. 4. Since the parallel and matrix grooves are straight, they are
machined using an ordinary milling machine. However, the o
grooves require the use of a CNC milling machine.

For the parallel and the matrix configurations, a total of 12
grooves with equal inter-groove separation are machined. An in-
ter-groove separation of 4.0 cm is used for the parallel grooves
(50 cm long) as shown in Fig. 4a. For the matrix grooves the separa-
tion is 9.6 cm, for the two mutually orthogonal sets of 6 grooves
(50 cm long), as shown in Fig. 4b. A total of 16 ¢ grooves are ma-
chined, each 41 cm long as seen in Fig. 4c. The total length of the
WLS fibers embedded in the scintillator is 900 cm in the cases of
the parallel and the matrix groove configurations. The WLS fiber
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Fig. 3. Single photo-electron response of the PMT used in the test scintillator. A
Gaussian function is fitted to the first photo-electron peak.
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Fig. 4. The three groove layouts on the scintillator surface with embedded WLS fibers (a) parallel, (b) matrix, and (c) o.
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are restrained from any movement by applying tiny strips of adhe-
sive aluminum tape just above the groove. A total of 18 fibers have
been used and placed in alternative grooves as single and two fibers,
respectively. The total length of WLS fibers is 656 cm for the ¢ con-
figuration with only one fiber in each groove as shown in Fig. 4.
The entire scintillator and WLS fiber assembly is wrapped inside
two layers of Tyvek paper [18], which acts as an efficient but dif-
fuse reflector, resulting in a substantial enhancement in the num-
ber of the photons collected. Tyvek has been chosen for its high
reflectivity, chemically inert nature and excellent mechanical
strength. Since only a small fraction of the total length (41 or
50 cm) of WLS fiber is embedded inside the groove, the remainder
is used for its smooth and safe bending, en-route to the PMT. The
free ends of the WLS fibers are bunched together and glued into
an acrylic disk called a ‘cookie’ which is finally coupled to the
PMT using an optical glue. The entire assembly is placed inside a
light-tight aluminum tank. The experimental conditions are kept
unchanged during the tests with different groove designs.

3. Monte Carlo simulations (G3ScSIM Code)

Prior to the actual experimental measurements, a Monte Carlo
simulation code ‘G3ScSIM’ [19] has been developed to get an
understanding of the response of the scintillator for different fiber
configurations. The G3ScSIM is basically a photon tracking code, for
a plastic scintillator of rectangular geometry, with embedded WLS
fibers of cylindrical geometry. In this code, the trigger conditions
are kept identical to those in the experiment with cosmic ray
muons, as shown in the Fig. 1. The important input parameters
used in G3ScSIM are listed in Table 1. Some of the simplified
assumptions made in G3ScSIM are: (i) the scintillator response is
homogeneous, (ii) the scintillator photons are monochromatic,
and (iii) the WLS fibers are in optical contact with the scintillator
surface, over an area projected by it. A brief description of some
of the relevant features of G3ScSIM code are summarized below
and described in greater detail elsewhere [19].

3.1. Basic G3ScSIM code

The detector setup modeled in G3ScSIM code, is identical to that
in Fig. 1. The origin of the coordinate system is selected at the cor-
ner of the test detector and the geometry is defined through its ex-
treme coordinates (Xpin,Ymin) t0 (Ximax Ymax)- The cosmic ray muons
are generated over the surface of the top hodoscope (Fig. 1) with
random coordinates x, y and arrival direction; zenith angle 0
(0 < 0<60°), azimuth angle ¢ (0 < ¢ <360 °). By projecting the
trajectory of the muon, its location on the test detector, and on
the other triggering detectors is calculated. A trigger is generated,
only if a muon passes through all the five triggering detectors.

The energy loss —dE/dx of the muon, in the test scintillator is
calculated using the Landau distribution [20,21] based on an algo-

Table 1

Monte Carlo simulation parameters.

Scint. Refractive index (#sc) 1.59
WLS (#wis) Fx core 1.59

In. clad 1.49
Out. clad 1.42
Scint. decay time 1.7 ns
WLS fiber decay time 6.1 ns
Scint. attenuation length 100 cm
WLS attenuation length 350 cm
Tyvek reflectivity 90%
ETIR 93%
PMT time jitter (FWHM) 2.2 ns
Mean energy loss/photon 100 eV

rithm from the CERN library [22]. The computed energy loss distri-
bution of vertical muons in a 1 cm thick scintillator is shown in
Fig. 5, assuming a mean energy loss of 1.89 MeV/g cm 2, for rela-
tivistic muons [23]. A production rate of one short wave-length
(blue) photon per 100 eV energy loss is assumed. The blue photons
are generated along the track of the muon, every 0.1 mm, with the
emission angles 0 and ¢, selected randomly from an isotropic angu-
lar distribution. The emission time of each photon is calculated
from an exponential distribution with a decay time of 1.7 ns for
the scintillator, as measured by us earlier.

The propagation of the blue photons in the scintillator is
tracked, by a ray tracing method, governed by the laws of geomet-
rical optics [24]. The incidence of a photon on the scintillator sur-
face is determined, from among the six surfaces of the scintillator.
At every reflection from the scintillator surface, three possibilities
exist, namely; (i) the absorption of the photon in the scintillator,
(ii) the interception by a WLS fiber, and (iii) the reflection from
the scintillator surface. To determine absorption of a photon in
the scintillator, the total path-length traversed is compared with
the survival path-length for that photon, using the Monte Carlo
technique.

Normally a photon incident on the scintillator surface at an an-
gle greater than the critical angle, would undergo total internal
reflection from a flat surface. However, the scintillator surface is
not perfectly flat and any departure from the flatness would result
in the escape of the photon. This effect is taken into account by
assuming an effective total internal reflectivity (ETIR) <100%. The
exact value of ETIR is determined empirically as described below.
The Tyvek wrapping of the scintillator provides an efficient and dif-
fuse reflecting surface of known reflectivity, for the photons escap-
ing from the scintillator back into the scintillator. The photon
reflection probability from the diffuse reflector is calculated using
the Lambert’s cosine law [25], where the angle of reflection is inde-
pendent of the incident angle. However, when the scintillator is
wrapped inside a black plastic sheet, the reflectivity from its sur-
face of escaped photons is assumed to be zero.

To determine the incidence of a photon on the WLS fiber, we as-
sume the area projected by the fiber on the scintillator surface as
the overlap area. If a photon is incident on the overlap area, it is
deemed to be absorbed by the fiber. Subsequently, a new longer
wave-length (green) photon is generated with a wave-length dis-
tribution derived from the emission spectrum of WLS fiber, and
tracked in case of trapping in the fiber, using critical angle condi-
tion. At this point, a new start time is generated from the measured
decay time (6.1 ns) of the WLS fiber. This in turn is added to the
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Fig. 5. Energy loss distribution of vertical muons in a 1 cm thick scintillator. Mean
energy loss = 1.89 MeV. A Landau distribution fit gives a peak at 1.59 MeV.
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earlier transit time of the blue photon, from the time it was gener-
ated in the scintillator to the time of its absorption in the fiber. A
trapped green photon is propagated, until it is absorbed in the fiber
due to attenuation or if it reaches the collection end of the fiber.
The green photons propagating in the direction opposite to that
of the PMT are assumed to be lost. The green photons reaching
the PMT are converted into photo-electrons at the photo-cathode
using the wave-length dependent quantum efficiency of the PMT.
The amplitude and the response time of the PMT are convoluted
to generate the PMT pulse. For each muon, the recorded informa-
tion includes the X, Y coordinates on the triggering and test scintil-
lators, also the photon statistics such as the number of photons (i)
produced in the scintillator, (ii) escaped from the scintillator, (iii)
lost due to the attenuation, (iv) absorbed in the WLS fiber, (v) es-
caped from the fiber, and finally the number of the photo-electrons
and their arrival times at the PMT.

3.2. Effective total internal reflectivity (ETIR)

A Monte Carlo simulation can reproduce the experimental data
only if the detector parameters describing its performance are suf-
ficiently close to their true values. These parameters include the
scintillation efficiency, the surface reflectivity, the attenuation
length, and the decay times etc. Many of these parameters have
been directly measured by us or are available from the literature.
The remaining parameters have to be obtained by assuming some
initial values and then fine tuning those values by matching the
simulation results with the experimental data for a particular con-
figuration of the test detector. The results can then be cross
checked by carrying out another set of measurements with a differ-
ent configuration of the test detector.

To fix the free parameters in the simulations, the parallel groove
design, with and without the Tyvek wrapping was modeled. The
only free parameter used in these simulations is the ETIR. The ini-
tial value of the ETIR is taken to be 100%, implying that the scintil-
lator surfaces to be perfectly flat. The resultant photon distribution
from the simulations disagreed with the experimental data. It is
observed that the simulated ratio of the mean number of photons
with and without the Tyvek wrapping is 2.2, while the experimen-
tal value is 3.3. It is observed that this ratio increases with decreas-
ing value of ETIR. A value of ETIR =93%, gives a nearly perfect
agreement with the experimental data. This value of the ETIR has
been used for all subsequent simulations.

3.3. Photon statistics

The muons suffer a mean energy loss of 1.89 MeV/cm in a scin-
tillator. However, when due account is taken of the muons arriving
from different directions that trigger the setup, the mean energy
loss becomes 4.6 MeV in the 2 cm thick scintillator used. This re-
sults in production of a large number of photons (~46,000), but

only a small fraction is eventually received by the PMT. The simu-
lations show that ~86% of the produced (blue) photons are either
absorbed or escape from the scintillator. The mean path-length tra-
versed by the blue photons is ~51 cm and the mean number of
reflections is ~14 inside the scintillator. Therefore, ~14% of blue
photons manage to enter the WLS fiber, which after initial absorp-
tion are re-emitted as green photons. Furthermore, because of the
large value of the critical angle, most of the green photons escape
from the WLS fibers, and only ~14% of the photons are trapped.
These photons travel along both directions in the fiber. The mean
path-length traversed by green photons is ~112 cm and the mean
number of reflections is ~430 prior to reaching the PMT. Finally,
only ~0.45% of the total photons produced in the scintillator,
namely ~208 photons arrive at the PMT.

4. The detector design

The main design goal for the new detector is to efficiently re-
cord shower particles over a large dynamic range (1-10,000 parti-
cles), to cover a wide range in the energy spectrum of the primary
cosmic rays from ~10'3, where the particle density at the core is
rather small; to ~10'7 eV where densities may reach several thou-
sand particles m 2. Efficient detection of a single or a few particles
is ensured by designing a detector with high photon yield and good
spatial uniformity. The high photon yield also implies that the PMT
may be operated at a relatively lower voltage, thereby reducing the
noise and increasing its life. The PMTs are typically operated at a
gain of (3-5) x 106, which is within the recommended region spec-
ified by the manufacturer. However, at high particle densities, the
anode current become very large and the PMT response become
non-linear. For the ETL-9807B PMT used here, the response be-
comes non-linear at a peak anode current of 50-150 mA. This
translates into the onset of the non-linearity at = 50 particles
and of saturation at ~100-200 particles. This introduces error in
the estimation of the various shower parameters. Although, one
can use the signal from an earlier stage of the dynode chain to
avoid saturation, we prefer to employ a second PMT to enhance
the dynamic range of our detectors.

As described below, through a study of the; (i) photon output,
(ii) uniformity and (iii) the time response for different groove de-
signs, we find that the simple and inexpensive parallel groove con-
figuration meets our design goals. Using 4 scintillator tiles, a 1 m?
detector has been fabricated. The side-view of a complete dual-
PMT WLS fiber detector is shown in Fig. 6. The single-PMT fiber
detector is identical to a dual-PMT detector, except that it is oper-
ated with only one high-gain PMT. The photons from each
50 cm x 50 cm scintillator tile are collected by 18 fibers for the
high-gain PMT, whereas only 6 fibers are used for the low-gain
PMT. The groups of 18 and 6 fibers for the high- and low-gain PMTs
are placed inside 12 grooves, as has been described in the Section
2. Two groups of fibers from the 4 scintillators are coupled to two

~— Pulse

High Gain PMT

Aluminum cylinder
to house PMT and Base

= <— High Voltage
Low Gain PMT

— Cookie holder

Alumi$um box

A

Scintillator tile

WLS fibers

Fig. 6. Side-view of dual-PMT fiber detector. Total number of fibers from the scintillator to high-gain PMT is 72 and to low-gain PMT is 24.
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PMTs, through two separate cookies; the first containing 18 x 4 =
72 fibers to the high-gain PMT, and the second 6 x 4 =24 fibers
to the low-gain PMT.

The PMT is placed inside an aluminum cylinder to shield it from
external electrical noise. The two PMTs are vertically mounted at
the center of an aluminum tank of dimension 112 cm x 103 cm x
5 cm as shown in Fig. 6. This detector is more compact, lighter,
and easier to maintain, as compared to the old trapezoidal design.
The fabrication of the dual-PMT fiber detectors started in 2004,
and about 100 such detectors have been fabricated and success-
fully deployed in the array. These detectors are placed every
16 m, starting from the center of the array, by replacing the corre-
sponding old trapezoidal shaped detectors.

5. Discussion
5.1. Photon yield

The reflecting surfaces play a key role in obtaining a higher pho-
ton yield and a better uniformity. Thus a quantitative comparison
has been done both, without and with a reflecting Tyvek wrapping,
using a scintillator with parallel grooves. The measured photo-elec-
tron distributions are shown in Fig. 7: (a) with a black plastic wrap-
ping to prevent any reflection of the photons escaping from the
scintillator back into it and, (b) with two layers of Tyvek wrapping
to ensure efficient reflection of the escaped photons back into the
scintillator.

Both distributions are asymmetric and display the characteristic
Landau tail. Therefore a convoluted Landau with a Gaussian fit
(http://root.cern.ch/root/html/examples/langaus.C.html) has been
used, to estimate the peak values. The peak values provide a mea-
sure of the scintillator photon output. The peak is at 6.4 photo-
electrons with the black plastic sheet wrapping and 20.5 photo-
electrons with Tyvek wrapping. Thus the ratio of the photon output
with the Tyvek and the black plastic wrapping is 3.2 for the scintil-
lator with parallel grooves.

A comparison of the photo-electron distributions for the paral-
lel, the matrix, and the ¢ groove designs for the experimental data
and the Monte Carlo simulations are presented in Fig. 8, and the re-
sults are also summarized in Table 2. Here it needs to be empha-
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Fig. 8. Photo-electron distributions: (a) parallel groove, (b) matrix groove, and (c) ¢
groove. Experimental data shown by dashed line and Monte Carlo results by
continuous line.

Table 2
Photo-electron yield of scintillator for different WLS fiber configurations.

Groove Fiber-length (cm) Photo-electrons
Parallel 900 20.5
Matrix 900 21.7
o 656 17.9

sized that the simulation parameter ‘ETIR’ has been extracted,
using only the parallel groove data and then subsequently used
for the matrix and the ¢ grooves. An excellent agreement between
the photo-electron distributions from the data with the Monte Car-
lo simulations for the remaining two designs namely the matrix
and the ¢ is seen in Fig. 8. Further, it can be seen from the Table
2 that the photo-electron yield in the case of the parallel groove
is comparable to that of the matrix groove, whereas it is signifi-
cantly lower in the case of the ¢ groove. The embedded length of
the fibers in the o groove is 27% less, as compared to the other
two groove designs, however, the photo-electron yield in the o
groove is 13% less as compared to the parallel groove and 18% less
compared to the matrix groove. Thus the photo-electron yields per
unit length of the embedded fiber, for the three groove designs are
comparable to within ~10%, irrespective of the shape and the lay-
out of the grooves. Based on these results, it has been decided to
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employ the parallel groove configuration, since it is economical to
implement and the assembly of the detector is also relatively
simpler.

To measure the photo-electron yield as a function of the num-
ber of the WLS fibers, we used a scintillator with parallel grooves
with 3, 6, 9, 12 and 18 fibers. Different number of fibers were
accommodated in the 12 grooves on the scintillator surface, by dis-
tributing them in a uniform manner. The photo-electron yield for
each of these five configurations is also simulated. The experimen-
tal data and the simulation results are shown in Fig. 9. It is seen
that the photo-electron yield increases linearly with the number
of fibers and there is good agreement between the data and the
simulations. For the ease of estimating the number of detected
photo-electrons, a linear relation is fitted to the experimental data
by

Npe = @+ bNg, )

where N, is detected number of photo-electrons, Ny the number of
WLS fibers. The linear fit to the experimental data yields the values
of the; intercept a=(-0.1 £1.0) and the slope b=(1.12 £ 0.09). As
seen from Fig. 9 this fit also provides an adequate description of
the simulation results.

5.2. Detector uniformity

The photon output across the scintillator surface for the parallel
grooves is shown in Fig. 10 as Lego plots, for the two cases of scin-
tillator wrapped inside; (a) black plastic sheet, and (b) Tyvek paper
respectively. In these plots, the vertical axis represents the relative
photon yield in one of the 25 positions, and the highest value is
normalized to 100. The Y-axis represents the longitudinal direction
of the fibers in the scintillator, whereas the X-axis represents the
transverse direction. In the case of the black plastic wrapping
(Fig. 10a) two clear trends are observed namely a decrease in the
photon output; (i) along the fiber, away from the PMT and (ii) from
the central area towards the edge, along the transverse direction is
seen. The first trend is due to the attenuation of the photons in the
WLS fibers. This is because farther is the location of a muon from
the PMT, longer is the length of the fiber that a photon has to travel
prior to its detection, resulting in enhanced attenuation. The sec-
ond effect may be due to the fact that, as the muon passes closer
to the edge, the escape probability of the produced photons in-
creases. With the Tyvek wrapping, the response is far more uni-
form as seen in Fig. 10b. Only a very small decrease is seen along
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wrapping, (b) with two layers of Tyvek wrapping.

the longitudinal direction of the fibers. The response near the edge
is also higher than in the central area. This behavior is opposite of
the case with the black plastic wrapping. This may be due to the re-
entry of the escaped photons at the edges, due to the reflections
from the Tyvek surface, back into the scintillator. The Tyvek wrap-
ping also increases the photon yield by a sizable factor (3.2) be-
sides improving the uniformity of the detector response.

The variation in the response, across the scintillator surface for
all the three groove designs with Tyvek wrapping, are shown in
Fig. 11 as Lego plots. In the case of the parallel groove, a small de-
crease in the photon output is observed, from near the PMT end to
the far end of the fiber. In the matrix groove, a similar trend with
reduced magnitude is seen. However, in the case of the ¢ groove,
no such variation is observed. Also no transverse variation in the
photon output is observed for the matrix and ¢ grooves, whereas
for the parallel groove the edge response is slightly higher than
from the central area as stated above.

The photon output variation in the longitudinal direction of the
fiber is calculated by averaging the data in the transverse direction
and the results are presented in Fig. 12 for a comparison with the
simulations. In Fig. 12a for the parallel grooves both simulation and
data show a decrease ~5% in the photon output, over a distance of
50 cm, on the other hand, in the case of matrix grooves (Fig. 12b)
there is a smaller drop (1-3)% in the central region as compared
to the edge positions for both data and simulations. However,
the situation is exactly reversed in the case of the o grooves
(Fig. 12c), where a small increase (1-3)% is seen.

The root mean square (rms) non-uniformity for the three
groove designs is calculated separately, for both the data and the
simulations and these are summarized in Table 3. The simulated
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values of rms non-uniformity is always slightly smaller (0.2-0.7)%,
than the corresponding experimentally measured value for all the
three designs. This is not surprising, in view of the fact that many
of the assumptions in the simulations are only approximations to
the real world. For example, any imperfections on the surface of
the scintillator or any variations in its density, would result in en-
hanced rms non-uniformity in the experimental data. However,

Table 3
Uniformity in different groove patterns.

Groove type RMS non-uniformity (%)
Experiment Monte Carlo
Parallel 2.7 2.0
Matrix 2.1 1.6
o 35 33

the rms non-uniformity is less than 4% for all three groove designs,
well below our acceptable level of 5%.

5.3. Time response

The distribution of the time difference between the test scintil-
lator and the trapezoidal shaped trigger detector is obtained from
muons. It is measured using the setup shown in Fig. 1 and the trig-
ger scheme shown in Fig. 2. The trapezoidal shaped detector at the
bottom which has the fastest time response, provides the START
and the test scintillator provides the STOP to the TDC. In the sub-
sequent analysis the entire area (50 cm x 50 cm) of the detector
is used, thereby incorporating the time differences, due to the
propagation of the photons inside the scintillator as has been ex-
plained earlier in Section 2.

The measured time distributions for the three groove designs
are shown in Fig. 13 by a dashed line and compared with the sim-
ulated distributions on the same plot which is shown by a contin-
uous line. For this comparison the peak positions of the data and
the simulated distribution were artificially aligned. This is accept-
able because a fixed time offset has no physical significance. A rea-
sonable agreement is observed between the widths of the time
distributions for the data and the simulations. For the parallel
grooves the full width at half maximum (FWHM) is 6.5 and
6.1 ns (Fig. 13a), for the matrix grooves the FWHM is 6.4 and
6.0 ns (Fig. 13b), and for the o grooves the FWHM is 6.3 and
6.3 ns (Fig. 13c), for the experimental data and simulations, respec-
tively. The values of the FWHM for the three groove designs agree
to within +0.2 ns. This shows that the time resolution is largely
independent of the groove design.

The position dependence of the arrival time from the simula-
tions indicates that the time difference between the far- and the
near-end positions along the fiber is 1.7 ns in the case of parallel
grooves and 1.0 ns for the matrix grooves. This may be understood
as the transit time difference along the length of the fiber. The pho-
tons generated near the PMT will arrive earlier than those from the
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far end, resulting in a finite transit time difference. However, for
the case of the ¢ grooves, no variation in transit time is expected
and none is observed.

A low photon detection threshold and a high photon yield are
considered necessary for getting a good time resolution in a scintil-
lator detector [26]. The effect of these two factors, on the time res-
olution has been quantitatively studied, through simulations. For
this purpose the detector response, for the number of embedded fi-
bers Ng=6, 9, 12, 18 has been simulated. From these simulations
we estimate the mean number of photo-electrons (Np.) to be 6.4,
10.0, 13.4, and 20.6 for 6, 9, 12, and 18 embedded fibers respec-
tively. The results of this study are shown in Fig. 14. The 4 plots
in Fig. 14, clearly show that the time resolution improves with
decreasing threshold. It is also clear that for a given threshold,
increasing the number of fibers (Nf), results in a better time reso-
lution. For smaller values of N, the time resolution changes line-
arly with the threshold, whereas the change is somewhat slower
at higher values of Nr. For N = 6, the increase in the time resolution
is 1.45 ns/Npe, whereas it is only 0.13 ns/N,. for Ng=18. Thus the
time resolution becomes less sensitive to the threshold for higher
values of Nr. The time resolution can be improved either by
increasing the photon output or reducing the threshold. However,
the threshold level of the discriminator can not be arbitrarily re-
duced, due to the increased contribution to the count rate, from
the PMT and other sources of noise.
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Fig. 13. Time response of the scintillator for (a) parallel, (b) matrix, and (c) o groove.
Experimental data is shown as dashed line and simulations by continuous line.
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Fig. 14. Dependence of time resolution on photo-electron threshold as derived
from simulations. Each plot is for a different number of embedded WLS fibers.

Encouraged by the good agreement in the time response ob-
served between the data and the simulations, an effort has been
made to understand the effects of various experimental factors
influencing the time resolution, based on the simulations. The time
resolution of the detector may be parametrized as follows:

+ Opur 3)

Ototal = \/ g2+ Ol + G%WLS

where o is the contribution to time resolution due to the decay
time of the scintillator, oy, due to the statistical fluctuation in
the number of detected photons, ¢, is due to the decay time of
WLS fiber, and opyr is the contribution due to the transit time
spread in the PMT. The Monte Carlo simulations have been per-
formed for the parallel groove configuration with Tyvek wrapping.
First, o is computed by setting all other decay times namely,
Tser Twis and opyr to zero in the simulations. The value of gy, is
found to be 1.4 ns. Similarly o, is determined to be 1.0 ns and fi-
nally o, is calculated to be 2.2 ns. These results imply that the
largest contribution to the time resolution is due to the decay time
of WLS fiber. This is not very surprising because the measured decay
time of WLS fiber at 6.1 ns, as mentioned earlier, is the biggest con-
tributor to the time resolution.

5.4. The detector performance

To compare the performance of the newly developed fiber
detector with the old trapezoidal detector, about three months of
the EAS data (1 March-29 May 2005) have been analyzed for both
types of detectors. The PMTs used in the trapezoidal detectors are
operated at a gain that is comparable to that of the high-gain PMT
in the fiber detectors. During this period only 20, dual-PMT fiber
detectors were operating and these were distributed starting from
the center of the array, to right up to the 6th ring in the array. The
GRAPES-3 air shower trigger system, the trigger criteria and the
recording of the shower information have been described in detail
elsewhere [2]. For the high-gain PMT in a dual-PMT fiber detector
and the trapezoidal detector PMT, both the ADC and the TDC infor-
mation is recorded, while for the low-gain PMT (dual-PMT detec-
tor), only the ADC data are recorded. The ADC data are converted
into an equivalent number of minimum ionizing particles for each
shower. Since the detector area is 1 m?, the recorded number of
particles in a detector represents the particle density in the
detector.

The particle density in each detector is calculated by subtract-
ing the concurrent pedestal value from the observed ADC count
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and by dividing it with the single particle gain for that detector.
The single particle calibration is performed periodically once in a
month for each detector [2]. To measure the dispersion in the re-
sponse of the fiber- and the trapezoidal detectors, the following
measurements have been made by using four pairs of neighboring
detectors (one each of fiber- and trapezoidal-type). As mentioned
earlier in Section 1 the detectors are deployed on a hexagonal pat-
tern. In the labeling scheme used each detector is assigned a num-
ber; the central detector is labeled 1 and the first ring of 6 detectors
are labeled 2-7, second ring of 12 detectors are labeled 8-19 and
so on. Therefore, a pair of successively numbered detectors are lo-
cated closest to each other with a separation of only 8 m.

The fractional deviation in the particle density is calculated
from its mean value over the range of 3-20 particles m~2. The four
detectors are used to determine the mean value at a given density.
Over this region (3-20 particles m~2) of particle density, the PMT
response is linear for both types of detectors. The results of this
study are shown in Fig. 15, for the four pairs of detectors namely,
(38,39), (40,41), (42,43), and (58,59). It is clear that the dispersion
in the response of the fiber detectors is relatively smaller, as com-
pared to the trapezoidal detectors. Also the response of the four fi-
ber detectors (38,40,42,58) are very similar to each other, and the
fractional deviation in the particle density is <2.5%, whereas it is
<5.5% for the trapezoidal detectors. However, even a variation of
5.5% is fairly small. Although, the response of the trapezoidal
detectors is found to be satisfactory, but the performance of the fi-
ber detectors is comparatively superior.

As mentioned earlier in Section 1, an efficient detector system
should provide a large separation between the PMT noise and
the signal due to the charged particles in the EAS. In Fig. 16 the
ADC distributions obtained using muons passing through two
detectors namely; (a) #7 a trapezoidal shaped detector and (b)
#10 a WLS fiber detector are shown. The separation between the
pedestal and the single particle peak is significantly larger in the
case of the new fiber detector (Fig. 16b) as compared to the older
trapezoidal detector (Fig. 16a).

The calibration of the low-gain PMT for a single particle is not a
viable option, because the PMT operating at such a low-gain would
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Fig. 16. ADC distributions for passing muons for; (a) old trapezoidal shaped
detector #7, (b) new WLS fiber detector #10.

give too few ADC counts, to separate the single particle peak from
the pedestal. Therefore, the calibration of the low-gain PMT is ex-
tracted indirectly, from the air shower data as detailed below. After
subtracting respective pedestals, a ratio of the high- and low-gain
PMT ADC counts is calculated for each air shower event. A mean of
this ratio (HLR) is calculated in steps of 50 ADC counts of the high-
gain PMT. The mean ratio ‘HLR’ is plotted as a function of the high-
gain PMT ADC counts, as shown in Fig. 17 for detector numbers 16,
42,92, and 94. The flat horizontal region in each plot, corresponds
to the common linear domain for both the high- and the low-gain
PMTs. This flat region is fit to a straight line parallel to the X-axis
and its intercept on the Y-axis provides, the ratio of the gains of
the high- and low-gain PMTs in the detector. Based on the data
shown in Fig. 17 a precision of about (1-2)% is obtained in the cal-
ibration of the low-gain PMTs relative to high-gain PMTs. However,
this value is uncertain to about 5% due to the accuracy of the abso-
lute calibration obtained from single muons for the corresponding
high-gain PMT.

At the lower particle densities, the low-gain PMT becomes rel-
atively insensitive, while at higher densities the high-gain PMT
starts to saturate. Therefore, the ratio of the high-gain to the
low-gain ADC counts shows a reduction, both at small and large
particle densities. Using the single particle calibration for the
high-gain PMT, and the extracted single particle gain as described
above for the low-gain PMT, the observed integral particle density
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Fig. 17. Ratio of ADC values for ‘high’ and ‘low’ gain PMTs as a function of high-gain
PMT ADC value. Each data point is the mean value of this ratio for 50 ADC channels.
Straight line is a fit to the horizontal region in each plot.
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spectrum for the GRAPES-3 experiment has been obtained. The
integral particle density spectra for detectors 18, 58, 96, and 100
are shown in Fig. 18. For the low-gain PMTs, the density spectrum
is shown only above 10 particles m~2, as the value of the density is
rather uncertain below this threshold. In the case of the high-gain
PMT the response becomes non-linear above a density of ~50 par-
ticles m~2 and it saturates in the region of (100-300) particles m—2.
On the other hand, the low-gain PMT response remains linear up to
~5000 particles m~2 and no saturation is observed. Thus the com-
bination of two PMTs allows the dynamic range of the fiber detec-
tor to be extended from 1 to 5000 particles m~2. For most of the
detectors the gain ratio of the high- and the low-gain PMTs, is ad-
justed to be (20-100) with a mean value of ~50. For determining
the density spectrum of the particles in the air showers, we have
used the data from the high-gain PMTs for the densities below
20 m~2 and the low-gain PMTs for the densities above this value.

6. The density spectrum and EAS attenuation

The integral density spectrum of particle measured by the dual-
PMT fiber detectors has been obtained to validate the design of
these new detectors. The limited dynamic range of the earlier trap-
ezoidal shaped detectors had restricted the maximum detectable
particle density to only about 200 m~2. However, with the new
dual-PMT detectors this range has been extended to nearly 5000
particles m~2 allowing meaningful measurements of density spec-
trum of particles in the EAS and their attenuation length.

The integral particle density spectra for four dual-PMT fiber
detectors namely 18, 58, 96, 100, respectively are shown in
Fig. 19. The successive spectra have been shifted downwards, by
a factor of 10 for the sake of clarity. All four spectra display a power
law behavior and a fit for the density range from 5 to 500 particles
m~2, yields a spectral slope of (1.57 = 0.04), consistent with the
early measurements [11,12]. These values are also close to the
slope of the energy spectrum of the primary cosmic rays, as has
been pointed out in the past [11]. The nearly identical power law
spectral index for all four detectors, indicates that the dual-PMT
detectors are performing with a reasonably linear response, free
from the effects of any saturation.

The zenith angle distribution of the EAS in different intervals of
shower size has been studied in the past, to measure the absorp-
tion of the EAS in the atmosphere for the primaries of different
energies. The ARGO-YB] collaboration have argued that the mea-
sured particle density is due to the contribution of the showers
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Fig. 18. Integral density spectrum from GRAPES-3 showers for high- and low-gain
PMTs of dual-PMT fiber detectors for data from 1 March to 29 May 2005. Detectors:
(a) 18, (b) 58, (c) 96, and (d) 100. High-gain PMT shown by a dashed line and low-
gain by continuous line.
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Fig. 19. Integral density spectra for 4 dual-PMT detectors namely 18, 58, 96, 100,
respectively, for data from 1 March to 29 May 2005. Power law fit to spectra from 5
to 500 particles m~2 yields spectral index y = 1.57 + 0.04. Successive plots shifted
downwards by factors of 10 for clarity.

within a very broad range of shower sizes, and the study of the
angular distribution of the events with particle density exceeding
a given value is considered, as appropriate as any other parameter
such as the shower size. It has been suggested that the angular dis-
tribution should display an exponential dependence. Following the
equation (2) in reference [15],

(= p,0)=I(> p,0)exp <—Aﬁa(sec()—1)) (4)

where, p is the particle density, 6 the zenith angle, X the vertical
atmospheric depth, and A, the attenuation length of the EAS for
particle density > p. Using the angular distribution of the EAS with
density p > 3 particles m~2, the ARGO-YB] data could be fit to Eq.
(4) up to a zenith angle 0 =55°. A value of the attenuation length
Aq=(124+11)gcm2 was derived for an observational depth of
606 g cm~2 [15]. The KASCADE collaboration has studied the atten-
uation of the EAS in great detail at the sea level as a function of the
shower size and the zenith angle. They have obtained a value of the
attenuation length A, =100-120 g cm 2 [16]. Similar results have
also been reported by other groups [27,28].

The integral density spectra obtained, by combining the data
from the 10 dual-PMT detectors taken over the 3 month interval,
are shown in Fig. 20 for 4 different zenith angle intervals namely;
(a) 1.0<sec 0<1.1, (b) 1.1 <sec0<1.2, (c) 1.2 <secf<1.3 and (d)
1.3 <secf < 1.4. Power law fits to the data shown in Fig. 20, for
the density range 5-500 particles m~2, for these four zenith angle
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Fig. 20. Integral density spectra using data from 10 dual-PMT detectors for 4 zenith
angle intervals; (a) 1.0 <secf < 1.1, (b) 1.1 <sec 0< 1.2, (c) 1.2 <sec0< 1.3 and (d)
1.3 <sec0<1.4.
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intervals are shown by dashed line. The magnitude of the spectral
index y shows a small, but gradual increase with the increasing ze-
nith angle. The fitted values of the spectral index y are 1.64, 1.65,
1.69, 1.71 for the four zenith angle intervals listed above. A similar
behavior has also been reported earlier [29].

The data for the same period of three months (1 March-29 May
2005) have been used to calculate the number of the EAS as a func-
tion of sec 0 — 1 in steps of 0.02, where 0 is the zenith angle of the
EAS. The dependence of the number of EAS on the function sec
0 — 1 is displayed in Fig. 21, for 4 different particle density thresh-
olds namely; (a)>5, (b)> 10, (c)> 20 and (d) > 40 m~2. An excel-
lent exponential fit to the 4 sets of experimental data as shown
in Fig. 21, is obtained using Eq. (4). The fits are straight lines, due
to the logarithmic scale used for the Y-axis in Fig. 21. These fits
are used to calculate the value of the attenuation length ‘A, of
the EAS at the observational level.

To further study the attenuation of the EAS in the atmosphere,
the attenuation length ‘A, is calculated using Eq. (4) and by vary-
ing the particle density threshold from 5 to 50 particles m~2. The
values of A, as a function of the particle density threshold ‘p’ is
shown in Fig. 22. The value of A, gradually decreases from
106 gcm ™2 at p>5m™~2 to 98 g cm~2 at p > 50 m~2. The range of
Aq=98-106 g cm 2 reported here for an atmospheric depth of
800 gcm™2 at Ooty is comparable to the measurement of the
ARGO-YB] collaboration of A,=(124+11) gcm~2 for an atmo-
spheric depth of 606 g cm~2 in Tibet [15] and A, = 100-120 g cm—2
by the KASCADE collaboration [16].

Log, (N)
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Fig. 21. Number of EAS as a function of sec 6 — 1 for 4 particle density thresholds;
9(a)> 5, (b)> 10, (c) > 20, and (d) > 40 m 2. Straight line fits obtained from Eq. (4).
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Fig. 22. Variation of the attenuation length A, as a function of the particle density
threshold p in the range 5-50 m—2.

7. Conclusions

The performance of the newly developed plastic scintillator
detectors with WLS fiber readout used in the expansion of the
GRAPES-3 experiment has been described in detail. The detector
performance in terms of the photon output, the uniformity and
the time resolution are in good agreement with the results of the
Monte Carlo simulation code G3ScSIM. The use of the WLS fibers
has allowed a sizable increase in the photon yield and has also re-
sulted in greater uniformity in the detector response. As a result of
this study and due to the simplicity of the fabrication procedure,
the parallel groove configuration for the layout of the WLS fibers
has been used. This resulted in a significant improvement in the
performance of the fiber detectors as compared to the old trapezoi-
dal detectors. The dynamic range of the dual-PMT fiber detectors
for the measurement of the particle density has increased to
~5 x 10 particle m~2. This enhanced dynamic range covers the
particle densities encountered near the cores of the extensive air
showers of energy well above the ‘knee’ in the spectrum. About
100 dual-PMT fiber detectors are currently operating in the array
and more are being continuously added.

The integral density spectrum of the dual-PMT fiber detectors
displays a spectral slope y =1.57 £0.04. This value is consistent
with the measurements reported earlier in the literature. The ze-
nith angle dependence of the density spectra has been used to esti-
mate the attenuation length ‘A, of the EAS in the atmosphere. The
variation in A, as a function of the particle density threshold has
been calculated for the range 5-50 particles m 2. The attenuation
length A, is found to vary in the range 98-106 g cm~2, for an atmo-
spheric depth of 800 g cm~2 at Ooty. The calculated value of A, is
also consistent with the measurements reported earlier.
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