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Abstract 

The technique of extensive air showers (EAS) and penetrating muon component developed by Dr. Bibha Chowdhuri (BC) in 

the late 1940s has become the backbone of worldwide EAS experiments. The nature of physics questions being addressed has 

evolved from the interactions at ultra-high energies to the astrophysical origin of cosmic rays. The India-Japan GRAPES-3 

EAS array with a large muon telescope at Ooty operated by TIFR (2000–), smaller EAS arrays at Darjeeling, Bose Institute 

(2015–) and at DEI, Agra (2018-) all employ the technique pioneered by BC. The precision studies by GRAPES-3 muon 

telescope have resulted in the discovery of transient weakening of Earth's magnetic field by geomagnetic storm and the first 

measurement of GV potential in a massive thunderstorm. 

 

 

Introduction  

In her lifetime, Dr. Bibha Chowdhuri (BC) did not receive 

the accolades she deserved for her outstanding contributions. 

Yet the legacy of this pioneer can be witnessed in cosmic ray 

research in subsequent decades. At Bose Institute, she 

discovered two distinct mass groups of particles in nuclear 

emulsions that were later named “pions” and “muons” [1]. 

However, it is more likely that while she observed these 

particles but in absence of requisite mass resolution could not 

have identified them as separate groups. She followed this 

work with research in the emerging area of extensive air 

showers (EAS) associated with penetrating particles (muons) 

in the UK. It is remarkable that the later EAS experiments by 

TIFR groups underground in Kolar Gold Field (KGF) mines 

and in the Ooty mountains as well as the ones in campuses of 

NBU, Siliguri and GU, Guwahati in the 1960–1990 essentially 

employed the technique of BC. In recent times, the India-

Japan (TIFR) experiment “GRAPES-3” at Ooty includes a 

large area muon telescope (2000–), the arrays at Darjeeling, 

Bose Institute (2015–) and Dayalbagh Educational Institute, 

Agra (2018–) continue to employ the same technique. The 

long Indian tradition of such experiments in the mountains of 

Ooty, the mines of KGF which continue with the large 

GRAPES-3 experiment by a collaboration of ~40 Indian and 

Japanese scientists is a tribute to this extraordinary scientist. 

The first generation of EAS experiments used an array of large  

area plastic scintillator detectors, often augmented with muon 

detectors for measuring the EAS properties to determine: (i) 

the interaction properties at high energies (100–1000 TeV) 

including multi-particle production, inelasticity, cross sections 

etc., and (ii) composition and spectrum of ultra-high energy 

cosmic rays to identify the astrophysical sources of cosmic 

rays. However, with the ever-increasing energy of particle 

accelerators, studies of interaction properties are now pursued 

only at accelerators. Cosmic rays, on the other hand, are used 

primarily as an astroparticle tool to study their sources 

including the mechanism(s) responsible for their acceleration 

and propagation through the interstellar space.  

The GRAPES-3 experiment 

The cosmic rays are charged particles and during propagation 

their paths are continuously modified by randomly oriented 

interstellar magnetic fields. Consequently, their directions get 

randomised with no relation to the source of their origin. On 

the other hand, the small flux of primary γ-rays that are 

produced along with the charged component travel in a 

straight line and point back to their sources [2]. One of the 

modern applications of EAS is in identifying γ-ray induced 

EAS that are muon-poor. The GRAPES-3 experiment located 

in Ooty (2200 m 11.4° N) has two major components 

including (i) 400 plastic scintillator detectors (1 m2) spread 

over 25000 m2 [3, 4] and a muon telescope (560 m2) with 

threshold energy Eμ ≥ 1 GeV  [4].  A  view  of  GRAPES-3  is   
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shown in Figure 1. The large area muon telescope is an ideal 

tool for identifying γ-ray showers in a large background of 

cosmic ray showers. But in general, the EAS arrays suffer 

from a poor angular resolution which diminishes their ability 

to reject the large background of charged cosmic ray showers. 

The shape of EAS front is known to be curved and through a 

systematic study of this shape, a new technique is developed 

that allowed a major improvement in the angular resolution of 

the GRAPES-3 array. It also showed that the curvature 

depends on two important properties of the EAS, viz., its size 

and age. By employing two different techniques, (i) odd-even 

(ii) left-right methods, independent estimates of the angular 

resolution are obtained. The odd-even method provides an 

estimate of the best achievable angular resolution of array. For 

obtaining the angular resolution by the left-right method, first 

the size and age dependent curvature corrections have to be 

made. After these corrections, a comparison of the angular 

resolution as a function of energy are found to be virtually 

indistinguishable for these two independent methods. A 

resolution of 18’ for energies ≥10 TeV, gradually improves to 

7’ at ≥100 TeV.  

The angular resolution of GRAPES-3 array is at least a factor 

of two better than the state-of-the-art arrays available prior to 

the development of this technique as shown in Figure 2. This 

The earliest study of cosmic rays in India 

Prof. Compton identified Prof. J.M. Benade, a faculty at the Forman Christian College, Lahore in the capital of undivided 

Punjab, to lead the Indian effort. Dr. Benade assembled his own team for this mission which included George Roerich, a 

geologist and son of renowned Russian artist Nicolas Roerich. Earlier in the 1920s, the Roerichs had founded the Urusvati 

Himalayan Research Institute in Naggar (H.P.), which turned into the base camp for the upcoming cosmic ray studies in 

the Himalayan region. The cosmic-ray intensities were measured at eight locations from the plains of north India to the 

high mountains of the Himalayas including in 1932. Although these measurements span a geomagnetic latitude of only 

3° (20–23° N), they cover a huge altitude range of 200–5500 m above the mean sea level. These measurements about the 

dependence of cosmic ray intensity on the altitude, were pivotal in the unambiguous identification of cosmic rays as 

charged particles and for setting the direction of research in years to come. This work was followed by the prediction of 

the east-west effect in their intensity, which soon led to the discovery that cosmic rays are predominantly positively 

charged nuclei stripped of all electrons. Unfortunately, the names of collaborators from India do not appear as authors in 

major publications from these studies. However, their contributions including those of Profs. Sharma and Wilson were 

acknowledged by Prof. Compton in a series of papers (A.H. Compton, Phys. Rev. 43 (1933) 387 & Nature 131 (1933) 713). Two noted 

Russian scientists have pointed out that the name of George Roerich does not appear anywhere, not even in a paper 

published by Prof. Benade in 1932 in Urusvati Journal, with the exception of some Russian publications which are not 

easily accessible (L.I. Miroshnichenko and V.I. Sidorov, J of Phys. Conf. Ser. 409 (2013) 012207). Though long overlooked, this work 

undoubtedly constitutes the earliest experimental study of cosmic rays in India and that too barely two decades after their 

discovery, and precedes the pioneering work of Dr. Bibha Chowdhuri by a decade. Deciphering the nature of cosmic rays 

as charged particles was possibly the greatest breakthrough in this field and the measurements carried out in India were 

crucial in achieving it. The popular impact of this discovery was captured by the editors of Time magazine by quoting 

the phrase “Isocosms not to be argued with” coined by Prof. Compton on the cover of 9 January 1936 issue displayed 

above. 

The cosmic rays were discovered in 1912 and yet their nature was a subject of 

debate for the next two decades. On one side, Prof. R.A. Millikan was arguing 

that the cosmic rays were energetic photons, but on the opposite side                    

Prof. A.H. Compton believed them to be charged particles. The charged cosmic 

rays would be deflected by the Earth’s magnetic field and thus, their intensity 

would depend on the geomagnetic latitude and altitude of the site, which would 

lead to a minimum intensity be recorded at the geomagnetic equator and a 

maximum at the poles. The passage of the geomagnetic equator through India 

made it a unique site for such studies and prompted visits of Prof. Compton and 

Prof. Millikan to India. Prof. Compton’s group fabricated seven shielded 

ionisation chambers with a provision for calibration (precision ~1%) by 

individual radium sources. It possibly was the first occasion when such a high 

precision study of cosmic rays was carried out. He meticulously planned a global 

campaign in 1931, by forming a large international collaboration for measuring 

the cosmic-ray intensity, where individual teams would branch out to different 

parts of the world ranging in geomagnetic latitude from 46° S to 78° N through 

the equator. 
(Courtesy: Time Magazine website) 
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figure also shows that the EAS from a few TeV to PeV are 

detected with very good resolution allowing GRAPES-3 to 

overlap with direct measurements. This would result in a 

precise estimate of the energy spectrum and composition not 

possible before [6]. 

 

Figure 1: GRAPES-3 EAS array at Ooty. Blue dots are the 400 

scintillators and green squares are the 16 modules of 560 m2 

area muon telescope [3-5]. 

 

Figure 2: Angular resolution of various arrays, (1) KGF, (2) 

EAS-TOP, (3) GRAPES-3 old analysis, (4) Tibet AS, (5) 

ARGO-YBJ, (6) HAWC, (7) GRAPES-3 present work [5]. 

Transient weakening of Earth’s magnetic field 

The GRAPES-3 measures the muon intensity at high cut-off 

rigidities (15–24 GV) along nine independent directions over 

2.3 sr. The arrival of a coronal mass ejection (CME) on            

22 June 2015 18:40 UT had triggered a severe geomagnetic 

storm (storm) and starting 19:00 UT, the muon telescope 

recorded a 2 h burst of high-energy (~20 GeV) cosmic-rays, 

strongly correlated with a 40 nT surge in the interplanetary 

magnetic field (IMF). The simulations showed a large 

compression (17×) of the 40 nT IMF to 680 nT, followed by 

reconnection with the geomagnetic field (GMF) leading to 

lower cut-off rigidities could explain this burst. The value of 

680 nT represented transient change in the GMF around the 

Earth. The simultaneous occurrence of the burst in all nine 

directions suggested its origin close to the Earth. It also 

indicated a transient weakening of the Earth's magnetic shield, 

and may hold clues for a better understanding of future super-

storms that could cripple modern technological infrastructure 

on Earth, and endanger the lives of astronauts in space. 

The GMF shields the Earth from energetic charged particles 

including in the CMEs by deflecting them away over several 

Earth radii. The space weather is driven by the CMEs that 

sometimes trigger severe storms which can disrupt global 

communications. The largest storm of 1859, the so called 

“Carrington event”, had disrupted the robust communication 

system of telegraph lines of that era for several hours! But a 

similar event today could easily cripple the modern devices 

including mobile phones, computer networks and satellites in 

space. This is due to the widespread use of VLSI circuits that 

may not survive the high radiation environment produced by 

a Carrington-like event. The reconfiguration of magnetic field 

through reconnection is the key for interpreting the energy 

release in the CMEs. The CMEs containing a south-ward 

directed IMF readily induce reconnection whereby the 

magnetic field ahead of Earth's bow-shock is “opened-up”, 

thereby producing storms. The GMF shields the Earth by 

deflecting away the cosmic rays, which results in a threshold 

termed “cut-off rigidity” (Rc). Therefore, an increase in the 

cosmic ray intensity occurs due to a decrease in Rc through 

reconnection. 

 
Figure 3: Top three panels show the CME data time-shifted 

to the Earth. (a) VSW, (b) |B|, (c) BZ, and (d) muon intensity.
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A CME had reached Earth on 22 June 2015 18:40 UT 

triggering a severe G4-class storm and produced aurorae and 

radio blackouts. The CME parameters at L1 after time-shifting 

to the Earth, including the solar wind speed (VSW), IMF |B|, 

and its component perpendicular to the ecliptic plane BZ, are 

shown in Figures 3(a), 3(b), and 3(c) respectively. The arrow 

marks the passage of the CME with BZ of −40 nT.  The 

variation in the muon intensity in Figure 3(d) shows a 2 h burst 

nearly coinciding with the BZ spike [9]. 

The GeV muons serve as proxies for cosmic rays and hence 

are used interchangeably. The muon intensity after filtering 

out the contributions of various periodic effects such as the 

solar anisotropy, etc. are shown in Figure 3(d). The similarity 

between BZ and the muon burst prompted a closer examination 

and for that we filtered out the slow variation in the muon data 

caused by Forbush decrease. The variation in BZ and muon 

intensity are shown in Figure 4.  

 

Figure 4: Muon intensity (solid line), and −BZ (broken line) 

on 22 June 2015, correlation coefficient R=−0.94. 

BZ was delayed by 32 min to maximize the correlation with 

muon intensity (R = 0.94), highlighting the remarkably strong 

connection of cosmic ray intensity on the Earth with the BZ in 

space. An excess of 9.2 × 105 on a background of 2.9 × 108 

muons during this 2 h interval implies a significance in excess 

of 50σ. The nine muon directions are labeled NE (north-east), 

N, NW, E, V (vertical), W, SE, S, SW (south-west) and cover 

a field of view (FOV) of 2.3 sr. The muon intensity in the nine 

directions is shown by solid-lines in Figure 4. The burst 

amplitudes display a gradual decline from north (N = 1.8%) to 

south (SW = 0.8%). Every direction shows a simultaneous 

surge from 19:00 UT reaching a maximum at 20:00 UT. For 

an interplanetary phenomenon the time offsets between V and 

directions NE, E, SE are expected to be ~100 min. Similarly, 

the offset between V and directions NW, W, SW should also 

be 100 min based on the angle of 25° between them. However, 

the observed offsets between V, and NE, E, SE, NW, W, SW, 

measured via a cross correlation yielded a mean of (−3 ± 4) 

min, fully consistent with a null value within the 4 min time 

resolution of data. As expected, the time offset between V, and 

N, S was also zero. The near simultaneity of the burst in all 

nine directions strongly suggests its origin close to the Earth, 

probably within the magnetosphere [9]. 

The hypothesis that the burst was generated by a sudden 

lowering of the cutoff rigidities (RC) is used to recalculate RC 

for the GMF perturbed via reconnection with the IMF. This 

was achieved by the well-known back tracing method through 

Monte Carlo simulations to obtain the change in the muon 

intensity, ΔIµ. Here, it is important to state that this being a 

differential measurement, the concurrent value of GMF or 

other baseline parameters are unimportant since we only need 

to measure the change in the muon intensity. The difference in 

the muon intensity before and after adding the IMF yields 

simulated profile during the burst. The simulated amplitudes 

were significantly smaller (~0.05 %) than the measured ones 

(~1.0 %). The simulations were repeated after enhancing the 

IMF by a factor of “f” (2< f < 20). This showed that amplitudes 

scaled with f. A simultaneous minimization of χ2 for the nine 

pairs of the observed and simulated profiles yielded f = 17 

which are shown by the broken lines in Figure 5.  

.  
Figure 5: Muon intensity profiles in nine directions by 

GRAPES-3 on 22 June 2015 shown by solid line. Simulation 

profiles after scaling the IMF 17 times shown by broken-line 

(cut-off rigidities (GV), and error bars are also shown). 

A very high mean correlation coefficient of (−0.89 ± 0.05) is 

obtained between the nine measured and simulated profiles. 

The reduction in RC varied from 0.5 in south to 0.7 GV in 

north. A simple model with a common compression factor        

f = 17 (BZ = −680 nT) reproduced the amplitude and shapes of 

all nine profiles. 

In summary, the GRAPES-3 muon telescope detected a 2 h 

burst of cosmic rays starting 22 June 2015 19:00 UT strongly 

correlated with a 40 nT surge in the IMF. The Monte Carlo 

simulations showed  a  compression  of  the  IMF  to  value  of 
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680 nT whose reconnection with the GMF leading to lower 

cut-off rigidities can explain the generation of this burst. The 

occurrence of burst indicates a 2 h transient weakening of the 

Earth's magnetic shield which may hold clues for a better 

understanding of future super-storms 

Electrical properties of Thundercloud 

Thunderstorms are a spectacular manifestation of the 

discharge of massive electric potentials that develop in 

thunderclouds during severe weather conditions. In 1929, 

C.T.R. Wilson had identified their dipole structure and 

predicted that an electric potential of 1 GV could develop 

across the thundercloud which extends to several kilometers 

[10]. The actual structure is more complex and the separation 

of electric charges in thunderclouds occurs when supercooled 

water-droplets make grazing contact with the hail-pellets 

polarized by the fine-weather electric field (120 V/m) on 

Earth's surface. A unique signature of such massive electric 

potentials in thunderclouds was the discovery by satellites of 

terrestrial γ-ray flashes (TGFs) containing photons of tens of 

MeV [11, 12]. The maximum thundercloud potential ever 

measured by a variety of experimental techniques by using 

balloon soundings and aircrafts was only 0.13 GV [13], an 

order of magnitude smaller than that needed to produce the 

tens of MeV γ-ray photons in TGFs [12] or the value of 1 GV 

predicted by C.T.R. Wilson [10]. 

During major thunderstorms, the GRAPES-3 muon telescope 

records rapid (few min) variations in muon intensity. From 

184 thunderstorms recorded during April 2011 to December 

2014, the one on 1 December 2014 produced a massive 

potential of 1.3 GV. The electric field measured by four well-

separated (up to a maximum of 6 km) electric field monitors 

(EFMs) on ground was used to estimate the properties of this 

thundercloud including its area of ≥ 380 km2. A charging time 

of 6 min to reach 1.3 GV implied a delivered power of ≥ 2 GW 

to sustain this high potential. The thundercloud was moving 

westward at a speed of ~60 km/h near the top of the 

troposphere at a height of 11.4 km. This was the first direct 

evidence for the generation of GV potentials in thunderclouds 

which could also explain the production of γ-rays in TGFs 

[14]. 

Thundercloud movement in FOV is seen from displacement 

of muon image (ΔIμ) in short 2 min exposures. In Figure 6 ΔIμ 

for first exposure starting 10:42 UT is shown for full 169 

pixels in the FOV in first top-panel labeled 1. A decrease in 4 

pixels due to thundercloud is seen and the potential needed for 

this decrease shown in bottom-panel 1 of Figure 6 has a peak 

value of V = 1.8 GV. From the second panel onwards, only 91 

affected pixels in east are shown. In top-panel 2, 12 affected 

pixels require a peak V=1.4 GV. This decreases to 1 GV for 

next two panels. Then it increases to 1.1 GV and 1.2 GV for 

panels 5 and 6, respectively. Finally, it reaches 1.4 GV for 

panels 7 and 8. Thus, the peak potential averaged over all eight 

intervals of 1.3 GV is quoted above [14]. 

Successive panels in Figure 6 also show the west boundary of 

the muon image moving east to west. In the north-FOV, it 

moved from location A in top-panel 1 to B in top-panel 4 in 6 

min implying an angular velocity of 6.2o/min as depicted in 

Figure 7(d). Same movement of 6.2o/min is seen in south-

FOV from C to D in top-panels 3 and 6, respectively. This 

angular velocity of 6.2o/min when combined with the linear 

velocity 60 km/h from the EFM data yields the thundercloud 

altitude of 11.4 km. The 60 km/h speed and the 11.4 km 

altitude are consistent with the properties of subtropical jet 

stream during winter in peninsular India [14]. 

 

Figure 6: Top 8 panels show the affected directions for 

successive 2 min exposure from 1 December 2014 10:42 UT. 

Bottom panels show the calculated potentials needed to 

reproduce ΔIμ shown in the corresponding panel above for 

20 min (10:41-11:00 UT). Peak potentials of 1.8, 1.4, 1, 1, 

1.1, 1.2, 1.3, 1.4 GV (mean = 1.3 GV) are observed for panels 

1 through 8. Angular velocity of 6.2°/min is inferred for 

directions (i) A to B, (ii) C to D in north, south FOVs 

respectively. Vertical bar in bottom panels are 1σ errors. 

 

Figure 7: (a) Locations of EFMs labeled 1 to 4. Maximum 

distance of EFM1 and EFM3 = 6 km, (b) Schematic of 

thundercloud movement (linear and angular velocities), 

altitude and area. 

In the north-south direction, the muon image covers the full 

FOV that corresponds to an angular size of 74.6° implying a 

radius of ≥ 11 km, (rather similar to the average 

cumulonimbus thundercloud radius ~12 km) which yields the 

total area of this thundercloud to be  ≥ 380 km2.  Assuming  a 
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reasonable thickness of the charged regions comparable to 

their separation yields a thundercloud capacitance of C ≥ 0.85 

μF. A potential V = 1.3 GV would require a total charge Q ≥ 

1100 C, and energy of 720 GJ stored in this thundercloud. This 

clean energy, if it could be harnessed could power the 

metropolitan city of Mumbai or Delhi for about an hour. The 

mean time to reach the maximum potential 1.3 GV shown in 

eight bottom panels in Figure 6 is 6 min implying a delivered 

power of ≥ 2 GW for this thundercloud, which is larger than 

the single biggest nuclear reactor, hydroelectric or thermal 

power generators in existence [14]. 

Here, it is interesting to address the issue of the failure of 

highly accomplished groups from the USA, Europe, Russia in 

measuring the GV potentials present in thunderclouds as 

predicted by the great C.T.R. Wilson. The answer is 

stunningly simple. In general, the potential can be measured 

by integrating the electric field over the height of a 

thundercloud. However, the field measured by instruments 

aboard aircraft and balloons span a region much smaller than 

the height of the thundercloud and therefore, they could not 

provide a realistic estimate of the potential. On the other hand, 

the parameter ΔIμ depends solely on the thundercloud 

potential and is virtually independent of its electric field 

structure. This makes muon telescopes with GeV threshold, 

such as GRAPES-3, ideally suited for measuring the GV 

potentials present in thunderclouds. However, such potentials 

cannot be indefinitely sustained and eventually a breakdown 

of air would occur, resulting in the acceleration of electrons 

(and possibly positrons) to GeV energies. It is highly likely 

that the bremsstrahlung emission from those electrons 

(positrons) would produce photons of tens of MeV energy in 

a short flash of terrestrial γ-rays [14].  

In summary, the suitability of the GRAPES-3 muon telescope 

allowed the measurement of electric potential present inside 

thunderclouds as shown for 1 December 2014 event where a 

peak electric potential of 1.3 GV was successfully measured. 

This is an order of magnitude larger than the previously 

reported maximum of 0.13 GV. This direct evidence for the 

generation of GV potentials in thunderclouds is consistent 

with the prediction of C.T.R. Wilson made 90 years ago. The 

existence of GV potentials can explain the production of 

highest energy γ-rays detected in terrestrial γ-ray flashes 

discovered over 25 years ago. It is shown that ≥ 2 GW power, 

comparable to single biggest nuclear reactor, hydroelectric, 

and  thermal  power  generator  was  being  delivered  by  this

thundercloud. It was moving westward at a speed of 60 km/h 

near the top of the troposphere. Despite the assumption of a 

simplified electrical structure of the thundercloud used here, 

this work provides several new insights into the properties and 

physical state of the thunderclouds. 

Conclusions 

The technique of EAS associated with the detection of its 

penetrating muon component first pioneered by Dr. Bibha 

Chowdhuri seven decades ago continues to serve as the 

foundation for the astrophysical studies of the cosmic rays. 

Newer application of this technique using a state-of-the-art 

muon telescope are allowing new discoveries to be made in 

the unexpected areas of space sciences such as “geomagnetic 

storms” and “thunderstorms” from the unique platform of a 

ground-based instrument GRAPES-3. 
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