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The GRAPES-3 experiment located in Ooty, India at an altitude of 2200 m is operating with a
dense array of scintillator detectors and a large area muon telescope to sample the electromagnetic
and muonic components in the cosmic ray showers respectively. It records about a billion shower
events per year. Here we discuss the GRAPES-3’ s recent measurements of cosmic ray proton
energy spectrum below the Knee. We provide an overview of the cosmic ray small anisotropy
results at TeV energies with two distinct structures which are also consistent with the observation
of other air shower arrays. The status of the upgrade of the GRAPES-3 experiment is discussed.
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1. The GRAPES-3 experiment

The GRAPES-3 (abbreviation for Gamma Ray Astronomy at PeV EnergieS Phase-3) is a major
cosmic ray observation facility, located in Ooty, India (11.4◦N, 76.7◦E and 2200 m a.s.l.) [1, 2].
It consists of two principal detector systems as shown in the schematic in Figure 1; (1) an array of
closely spaced 400 plastic scintillator detectors of 1 m2 area each spread an area of 25,000 m2, and
(2) a tracking muon detector consisting of 16 modules of 35 m2 area each.

Chapter 2. The GRAPES-3 experiment
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Figure 2.1: Schematic of GRAPES-3 detector systems displaying single PMT SDs
(N), double PMTs SDs (N) and G3MT modules (⇤).

“fiber” detectors, which exhibit unique methods of collecting scintillation photons.
In addition, the fiber detectors are implemented with two different readout systems,
namely a single Photo-Multiplier Tube (PMT) and a double PMTs configuration.
The double PMTs SDs are placed strategically in a uniform layout to form a sub-
array with hexagonal geometry and an inter-detector separation of 16 m. The details
on the SDs are presented in subsection 2.1.1. Fig. 2.1 depicts the schematic of the
GRAPES-3 detector systems. The single and double PMTs SDs are denoted by blue
and red triangles, respectively, while open squares represent the G3MT modules.

The EAS array records the energy deposited and arrival time (t) of EAS sec-
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GRAPES-3 Muon Telescope (Ooty, India, 11.4oN, 76.7oE, Rc = 17 GV)
          Records 4 x 109 muons per day,  Sensitivity: 1 part in 104

ISVHECRI 2022 6

Muon Telescope
• 16 muon modules 
• 3712 PRCs 
• Area: 560 m2 
• Energy threshold: sec(θ) GeV 
• 169 directions covering 2.3 sr 
• 4° angular resolution 
• 4 billion muons / day

• Muon telescope consists of 16 modules of  
   35 m2 area each (560 m2 total area). 
• Threshold of muons = 1 GeV 
• Muons recorded associated with each EAS 

trigger,  also with self trigger or individual  
muons for measurement of muon flux. 

• Self triggered muons are recorded in 169 
directional bins with 4o resolution. Muons 
recorded per day = 4 billion. 

 Muon telescope 
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(a)

(b)
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Figure 1: (a) A view of the GRAPES-3 experiment with the scintillator detectors seen as white conical
structure, (b) inside view of one of the muon detector station, and (c) a schematic of the array.

The scintillator detectors record the shower particles which are composed of mostly electron
components. The scintillator array generates the shower trigger when a minimum 10 detectors
receives signal above 0.5 particle equivalent. The current trigger rate of the array is ∼40 per second.
The charge from the photomultiplier tube of each scintillator detector is digitized through analog-
to-digital converter which is used to estimate the particle density whereas the arrival time of the
signal is digitized by time-to-digital converter which is used to estimate the direction of the shower.
The lateral distribution of the particle densities is used to estimate the core location, shower size
and age parameter [4].

Each module of the muon telescope is designed with four layers of proportional counters, made
of square iron tubes of length 6 m and cross section of 0.1m×0.1m [3]. The orthogonal arrangement
of the PRCs allows the tracking of muons. A concrete shielding of 550 g.cm−2 provides a threshold
of 1 GeV for vertically incident muons. Muons are recorded for individual showers following the
arrival of shower trigger generated by the scintillator array. The muon component along with the
other shower parameters are used to measure the mass composition of primary cosmic rays. It is
also used for rejection of cosmic ray background for gamma ray studies. With an independent data

2



P
o
S
(
I
C
R
C
2
0
2
3
)
5
3
5

Recent results from GRAPES-3 P.K. Mohanty

acquisition system, individual muon is triggered by taking coincidence of signals from four layers
of the PRCs. This provides the measurement of the muon flux at a rate of ∼3000 per second per
module and ∼50000 per second from 16 modules. The direction of muons are determined in 169
bins with an average angular resolution of 4◦. This data is used to study solar and thunderstorm
phenomena.

2. Performances of the scintillator array

The scintillator performances were evaluated through simulation by generating showers with
CORSIKA package. The response of detectors were folded using GEANT4 simulation. Due to
the mid-altitude location and close seperation (8 m) of the detectors, the array enables to trigger
showers as low as 1 TeV energy. The median energy of triggered showers is 15 TeV. The trigger
efficiency obtained from simulations for five different primary masses is shown in Figure 2a. The
array achieves more than 90% trigger efficiency for proton showers at energy ∼40 TeV for zenith
angle below 18◦. Same trigger efficiency is achieved for iron initiated showers at 80 TeV energy.
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FIG. S7. Plot displaying the statistical (thick blue line) and
total systematic uncertainty (thick red line) in the estimation
of relative composition of proton primaries as a function of
shower size. The total systematic uncertainty was calculated
by adding the contribution of systematic uncertainty from
different sources, represented by dashed lines with different
colors, in quadrature.

TABLE S3. Systematic uncertainties (%) in estimating the
relative composition of proton primary using Gold’s unfold-
ing algorithm. See the text for the description of �i,ii,iii, �iv,v

and �vi. The last column represents the total systematic un-
certainty.

Ne �i,ii,iii(%) �iv,v(%) �vi(%) �total(%)

1.26⇥ 104 +0.04/�0.09 +3.69/�5.96 ±3.18 +4.87/�6.76
2.00⇥ 104 +0.08/�0.01 +3.04/�7.02 ±3.67 +4.77/�7.92
3.16⇥ 104 +0.04/�0.85 +2.43/�4.03 ±3.87 +4.57/�5.71
5.01⇥ 104 +0.05/�1.04 +1.70/�2.87 ±3.41 +3.80/�4.90
7.94⇥ 104 +0.25/�1.03 +0.59/�2.13 ±5.03 +5.07/�5.87
1.26⇥ 105 +0.44/�0.83 +0.00/�2.02 ±1.81 +1.86/�3.61
2.00⇥ 105 +0.77/�0.48 +0.33/�1.76 ±3.34 +3.44/�4.20
3.16⇥ 105 +0.84/�0.52 +0.69/�3.08 ±3.86 +4.01/�5.12
5.01⇥ 105 +1.09/�0.30 +0.00/�5.28 ±5.14 +5.25/�7.43
7.94⇥ 105 +1.80/�0.37 +0.00/�8.61 ±6.03 +6.29/�10.52

initial prior, and unfolding bias. Similarly, �iv,v repre-
sents the combined systematic uncertainty due to the dif-
ferent spectrum profiles to generate the response matrix
and smoothing. The �vi represents the systematic uncer-
tainty due to limited MC simulation dataset statistics.

S4. PROTON ENERGY RESOLUTION

The energy resolution and bias (offset) were calculated
with the aid of the MC simulations. As discussed in
section S1, two simulated datasets (set-1 from 1 TeV to
10 PeV and set-2 above 100 TeV with a single spectrum
of spectral index -2.7) were used to improve statistics for
higher shower size. Each set was divided into two parts to
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FIG. S8. Top: A two-dimensional representation of the
shower size and primary energy distribution on the log-log
scale, where color gradient represents the number of showers.
The symbols represent the median energy corresponding to
the median shower size with a bin width of 0.2 on a logarith-
mic scale, and the black line represents the linear fit. Bottom:
The energy resolution and bias for the proton primaries as a
function of reconstructed energy.

have two independent datasets. The first sub-dataset of
set-1 and set-2 was used to obtain a shower size to energy
relation. For each shower size bin of interest, the median
energy was plotted against the median shower size value
in the same bin on a log-log scale, as represented by the
violet circle symbol in the top panel of FIG. S8. The
error bars are smaller than the size of the symbol. A two-
dimensional distribution of shower size and energy is also
displayed on a finer bin width, where the color gradient
represents the number of EASs. The sharp change in the
color gradient visible at Ne = 105.0 is due to the higher
statistics of set-2. The shower size (Ne) to energy (E)
relation was modeled with a linear function given as,

log E = m ⇥ log Ne + c, (S12)

where c and m are the intercept and slope. The values of
c = 0.901 ± 0.006 and m = 0.909 ± 0.001 were obtained
from the fit represented by the black line in the top panel
of FIG. S8.

Chapter 5. Data selection and energy calibration
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Figure 5.4: Trigger efficiency ("T ) as a function of primary energy for all simulated
primaries with ✓< 17.8�.

The value of "T depends on energy, mass, and ✓ of PCRs. Using the pre-simulated
dataset with a spectral slope of �2.5, mentioned in section 3.1, the "T is calculated
as a function of primary energy (ET ) for all simulated primaries within sec✓ bins
ranging from 1.00 to 1.40 with equal width of 0.05. Fig. 5.4 illustrates the variation
of trigger efficiency for H, He, N, Al, and Fe initiated EASs with respect to the
primary energy in a ✓ range from 0.0� to 17.8�. The corresponding values are listed
in Table 5.2.

The MC simulations have demonstrated that the signal pulse of the SDs is pri-
marily (about 85%) attributed to the EAS secondary electrons. Therefore, the
variation of "T with various PCRs parameters can be understood by examining the
variation in the number of secondary electrons at the GRAPES-3 observational level.
Since the Xmax increases with an increase in the energy of a given primary, it re-
sults in more secondary electrons (with relatively higher energy) at the observational
level. It increases the probability of triggering SDs with a relatively greater amount
of deposited energy. Hence, the "T increases with an increase in the energy of a given
primary. On the other hand, the Xmax decreases with an increase in the primary
mass at a given primary energy. Thus, the number of secondary electrons at the
observational level decreases, leading to a corresponding decrease in the "T .

Fig. 5.5 displays the values of "T as a function of primary energy in four alterna-
tive ✓ bins for both H and Fe-initiated EASs, as depicted in the left and right panels,
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   Angular Resolution  

• Angular resolution significantly improved after energy dependent shower front curvature correction (PhD thesis of 
Jhansi Bhavani). 

• GRAPES-3 angular resolution is now comparable to other experiments located at twice of higher altitude

15
D. Pattanaik et al,  Physical Review D, 106, 022009 (2022)
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Moon shadow

D. Pattanaik,
DAE-HEP
Symposium
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Introduction

GRAPES-3
expt

Data
selection

Analysis
method

Results

Analysis method

Moon shadow: Background selection:

o
Ω

I A circular region of angular radius 3.5�

from the center of the Moon was selected.

I The region was then divided into 14
annular bins of equal bin width i.e. 0.25�.

I The central bin is comparable to the size
of the Moon (angular radius = ⇠0.26�).
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  Moon shadow  

GRAPES-3 being a particle detector array operates 24x7 and it has wide field of view. It can search for 
multi-TeV gamma ray sources in survey mode which requires a good angular resolution.

15

GRAPES-3 scintillator array response to primary CRs

Energy resolution Energy bias

Trigger efficiency
Core resolution

7

 Scintillator array response to primary cosmic rays 
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Search for point sources of gamma-rays above 50 TeV
with the GRAPES-3 experiment

1. Introduction
I Ground based large extensive air shower (EAS) arrays allow detecting gamma

rays from point cosmic rays sources up to PeV energies [1, 2].
I GRAPES-3 is a mid-altitude EAS experiment possessing a very good angular

resolution is equipped with a large area muon telescope to reject the large cosmic
ray background.

I Utilizing the angular resolution and cosmic ray rejection ability, we are in process
to optimize the selection of area for maximum sensitivity to gamma rays.

I This will be verified by searching for gamma rays from the Crab Nebula above 50
TeV energies.

2. The GRAPES-3 experiment

I Location : Ooty, India (11.4� N, 76.7�
E, 2200 m a.s.l.)

I Compact array of 400 scintillator
detectors.

I Inter-detector separation : 8 m.
I Fiducial area : 14500 m2 (bounded by

the dashed line).
I A large area muon telescope (560 m2)

comprising 16 telescope modules are
shown in the red squares.
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Figure: GRAPES-3 EAS array.

I Compact array results in 0.44� angular resolution above 50 TeV [3].

3. �alitative check of 10 years data
I 10 years of GRAPES-3 air shower data spanning over 2013-2022, has been

reconstructed.

�ality cuts:
I Adequate NKG fit
I 0.2 < Age < 1.8

I Cores within fiducial area.
I Zenith angle (\ ) < 45�
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Figure: Yearly angular resolution (2013 to 2022) of the GRAPES-3 array.

4. Angular resolution from the simulation
I Corsika simulation performed for proton and gamma as primaries within an

energy range from 10-250 TeV.
I Interaction model: EPOS (high energy) & FLUKA (low energy).
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Figure: Distribution of angular distribution between true arrival direction and reconstructed
direction for gamma and proton primaries. The median value of the distribution gives the measure of
angular resolution for the showers having size above 103.6 (E ⇠15 TeV).

5. Gamma-Hadron separation
I Showers with at least one muon are treated as hadronic origin.

Rejection e�ciency =
Total hadronic events

Total events

90 92 94 96 98
 Rejection Efficiency (%)

0

20

40

60

 N
o

 o
f 

D
a
y
s

 : 94.6µ

 : 0.1σ

PRELIMINARY

01/04/14 02/07/14 01/10/14  Date
80

85

90

95

100

 R
e
je

c
ti

o
n

 e
ff

ic
ie

n
c
y
 (

%
)

Selected Dates

Rejected Dates

Figure: In the upper panel, the daily rejection e�iciency above 50 TeV is plo�ed for 2014. The
mean e�iciency was estimated to be 94.6% a�er a Gaussian fit with 0.1% standard deviation (f).
Days with e�iciency below 20⇥f are rejected from the analysis (lower panel).

6. Summary and future work
I The angular resolution of the array remains the same throughout the 10 years duration, exhibiting a uniform quality of data.
I As shown in Section 5 figure, days with lower e�iciency indicates maintenance break or technical issues in any of the 16 modules, which results in degradation of

overall e�iciency of the muon telescope. Hence, they are rejected from the analysis.
I Due to the peripheral location of the muon telescope, the rejection e�iciency decreases with increasing distance from the muon telescope. Hence, the selection area

needs to be optimized in order to maximize the gamma ray sensitivity.
I Finally, we are planning to conduct a search for gamma rays from the Crab Nebula with a be�er angular resolution and rejection e�iciency above 50 TeV energy.
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Figure 2: Performances of the scintillator array; (a) trigger efficiency based on the simulation for five
different cosmic ray primaries, (b) the core resolution for proton primaries , (c) the energy resolution and bias
for proton primary, (d) Moon shadow observation based on data from 2014 to 2016, (e) angular resoultion
based on Moon shadow which are compared with other experiments, and (f) angular resolution based on
left-right array division method to check the stability of the array.

The core resolution for proton showers is shown in Figure 2b. It can be seen that the core
resolution is 6 m at 40 TeV energy which improves to 2 m at 100 TeV and ∼0.5 m at 1 PeV energy.

The energy resolution is obtained by comparing the true energy with the reconstructed energy
and the energy bias is defined as the offset of the energy. Energy resolution and bias for proton

3
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primary is shown in Figure 2c. The energy resolution is about 65% at 40 TeV which improves 35%
at 1 PeV. The energy bias is consistent with zero.

The angular resolution of the array has been improved significantly after the correction of
shower front curvature based on size and age [4]. It was validated using observation of Moonshadow
[5]. The angular resolution is 0.85◦ for all showers which improves to 0.35◦ at 100 TeV. The results
of Moonshadow observation is shown in Figure 2d which is compared with other experiments in
Figure 2e. The stability of the angular resolution from 2013 to 2022 is shown in Figure 2f. Slightly
poor angular resolution after 2016 in the smaller shower size is due to the changing of the trigger
area that resulted in recording of more low energy showers.

3. Results

3.1 Cosmic ray proton spectrum
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Figure 3: Cosmic ray proton spectrum measured by the GRAPES-3 experiment from 40 TeV to 1.3 PeV
which is presented along with the results from direct and indirect experiments.

We measured the proton spectrum from 40 TeV to 1.3 PeV. The details of the analysis are
provided in [6]. Data recorded from 1 January 2014 to 26 October 2015 with a total of 1.75×109

shower events was used for this analysis for a live time period of ∼460 days. The number of events
after various selections and cuts is 7.81×106. To ensure trigger efficiency more than 90%, shower
size >104 was used for this analysis. The energy of the proton primary at this shower size is 40 TeV

4
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and for iron primary, it is 80 TeV. The zenith angle was selected less than 18◦. The observed muon
multiplicity distributions were compared with that of simulations of five assumed primary masses
such proton (H), Helium (He), Nitrogen (N), Aluminum (Al) and Iron (Fe) whereas N represents
for (C,N,O) group, Al represents (Mg,Al,Si), and Fe represents for (Mn,Fe,Co). The relative
composition of each mass group was obtained using unfolding technique. Proton was studied in
more detail. Proton size spectrum was obtained from the data size spectrum using the weights of its
composition. The proton energy spectrum was obtained using unfolding technique and the results
are presented in Figure 3 along with the results from various direct and indirect experiments. The
statistical errors are smaller than size of the data points. A good agreement is seen with direct
measurements at low energies whereas it agrees with KASCADE spectrum obtained with pre-LHC
QGSJet01 hadronic model. The spectrum shows a hardening at 165±53 TeV with spectral indices
of -3.1±0.18 and -2.59±0.09 before and after the break point. The results are inconsistent with a
single power law description of the proton spectrum below the Knee energy.

3.2 Cosmic ray anisotropy

We measured the cosmic ray anisotropy using the shower events recorded by the scintillator
array from 1 January 2014 to 31st December 2016, comprising 3.7×109 events. The details of the
analysis can be found in [7]. Time scrambling method was used for the analysis. We observed two
statistically significant structures namely A and B as shown in Figure 4. The amplitudes of region
A and region B are (6.5±1.3)×10−4 and (4.9±1.4)×10−4, respectively. The statistical significance
of A and B are 6.8𝜎 and 4.7𝜎, respectively. The results are consistent with the observations of
Milagro, HAWC and ARGO-YBJ experiment.

8

Figure 9: Anisotropy and significance observed with a scrambling window of 4hrs and a smoothing radius of 10�

No detectors hit Events E (TeV) A (⇥10�4) A up (� > 0�)(⇥10�4) A low (�  0�)(⇥10�4) B (⇥10�4)

� 10 3.6 ⇥ 109 19.4 6.5 ± 1.3 5.3 ± 1.6 8.4 ± 2.1 4.9 ± 1.5

� 12 3.4 ⇥ 109 20.4 6.7 ± 1.3 5.6 ± 1.6 8.5 ± 2.1 4.9 ± 1.5

� 14 3.1 ⇥ 109 22.4 6.0 ± 1.4 4.5 ± 1.7 8.6 ± 2.2 4.9 ± 1.6

� 16 2.8 ⇥ 109 23.9 5.6 ± 1.5 3.8 ± 1.8 8.8 ± 2.4 5.5 ± 1.7

� 18 2.4 ⇥ 109 25.7 5.9 ± 1.6 3.9 ± 2.0 9.5 ± 2.5 6.2 ± 1.8

� 20 2.2 ⇥ 109 27.5 5.9 ± 1.6 3.9 ± 2.0 9.5 ± 2.5 6.2 ± 1.8

Table 1: The di↵erent energy bins and the strengths of the observed structures A and B

A third localised region of excess is seen in ⇠ �10� to 20� of declination and ⇠ 290� to 340� of right ascension. The202

localised pixels in this region have a pre-trial significance of more than 2�. The maximum strength of excess observed203

in this region is (5.0 ± 1.8)⇥ 10�4 at the pixel centered at (↵ = 317.1�, � = 5.9�). The maximum significance observed204

in this region is 3.9�. The overall excess of events observed is (3.2 ± 2.7) ⇥ 10�4 and the significance of the entire205

structure is 1.8�. Hence, this structure is not very significant and will be studied in future with a larger data set.206

In order to probe the energy dependence of the anisotropic structures, the data is divided into four parts based207

on the number of detectors triggered by each of them such that each set has su�cient number of events for probing208

anisotropy as described in Table 1. The particle density for each of these groups have been shown in Figure 11.209

The strengths of both regions A and B does not change significantly with increase in energy. However, a decreasing210

trend can be seen within 1� for region A as shown in Figure 14. HAWC, Milagro and ARGO-YBJ have reported the211

energy dependence of these structures in energies ranging within a TeV to tens of TeVs. In the results reported by212

ARGO-YBJ and Milagro, the change of relative intensity with energy is not very significant within 10 TeV – 50 TeV213

but a decreasing trend can be observed. The analysis was repeated for the tail part (� � 0�) and the circular region214

(� < 0�) of Region A separately and the results are shown in Figure 15. The tail part is observed to diminish more215

with increase in energy as compared to the circular region, similar to the observations by ARGO-YBJ. Milagro has216

observed reported the CR energy spectrum to be harder in region A.217218

4. DISCUSSION219

Region A shows a proper tail region (� > 0�) for ARGO-YBJ and GRAPES-3. The tail region is not very significant220

for HAWC which could be an artifact of the median energy of HAWC being lower. ARGO-YBJ has reported a221

significant excess point close to Crab. This point is not very significant for GRAPES-3 though the tail part of region A222

ends close to the location of Crab. Milagro has observed the CR spectrum to be harder in this region which supports223

the di↵usive propagation of CRs. ARGO-YBJ and Milagro also observe a more continuous structure for region B,224

6.8
4.7

Figure 4: Cosmic ray anisotropy observed by the GRAPES-3 experiment.
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4. Expansion of the GRAPES-3 muon telescope

The muon telescope of the GRAPES-3 experiment is a key detector for measuring cosmic ray
mass composition, multi-TeV gamma ray astronomy, and solar and atmospheric physics. Upgrade
to double its detection area is under progress. The expanded muon telescope (from 560 m2 to 1130
m2) will provide the same level of sensitivity for gamma ray detection in one year as the existing
telescope could do in ten years. Additionally, this new telescope will help to produce more reliable
mass separation of cosmic rays in the low energy range below 100 TeV. The telescope utilizes
proportional counters (PRCs) (6m×0.1m×0.1m) as its basic detector units. In order to obtain the
nearly 4000 PRCs needed for the updated telescope, a three year research and development period
was undertaken to fabricate the necessary PRCs from rusted iron tubes from Kolar Gold Field
underground experiments. The required number of PRCs have been successfully fabricated and
installed in the field. The civil work including 50% of absorber in form of concrete is complete.
New front electronics has been developed which will replace the four decade old electronics [8].
FPGA based DAQ electronics have been developed which have significantly minimise the dead time
of the system [9]. One of the 16 modules was made operational in February 2023. Some pictures
of the new muon telescope is shown in Figure 5.
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PRC Heating, Stability Test  
& Gas Filling

▪ Long term stability test ( 1.0 x 10-4 mBar ) 
▪ Degassing 
▪ Speed up the process  
▪ PRC heating bed  (80o C)  
▪ Gas Filling 
▪ P-10 gas ( 90% Ar +10% CH4 ) @20% above ATM 

 

Long Term Test Bench and Installation in actual location 

Team Members

➢ Long term performance ( min 30 days ) 
➢  Field Programmable Gate Array (FPGA) based DAQ for  64 

channels  
➢ Pulse width analyser, Count rate monitor, real time clock 

and on board histogram of data with USB interface to 
computer 

➢  Root based software tools were developed for analysis of 
the Data 

➢ 16 x 4 = 64 PRCs / test bench  
➢ 12 parallel test benches  
➢ PRC’s for 2 test benches were placed one over 

other 

1Aa

1Ab

(a)
(b)

(c) (d)

Figure 5: (a) Test bench for PRC vacuum creation and gas filling, (b) testing of PRC performances, (c) 16
modules of the new muon telescope, and (d) operation of the first module of the new muon telescope.
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