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Editorial 

 

Bibha Chowdhuri (1913–91) was the first woman particle physicist in India. She carried out path-

breaking research (1939–44) on identifying cosmic particles with D.M. Bose. This work formed 

the basis of the subsequent discovery of mesons and was acknowledged by C.F. Powell. She did 

her Ph.D. in University of Manchester with P.M.S. Blackett on Extensive Air Showers. She had 

the distinction of being the first woman scientist of both TIFR (1949–53) and PRL (1966–76).   

Later she continued to work in Kolkata with scientists of SINP, Univ. of Calcutta and IACS, and 

remained an active researcher till the end. While her male contemporaries both at TIFR and PRL, 

went on to make substantial mark at national and international levels, unfortunately                    

Bibha Chowdhuri remained on the periphery in subsequent years and was forgotten by the 

scientific community. Any form of recognition and accolades eluded her. Throughout her life, she 

remained unfazed by all the inattention, immersed in the pursuit of science.   

This special issue is triggered by her biography “A Jewel Unearthed: Bibha Chowdhuri” (written 

by Rajinder Singh and S.C. Roy). We have tried to showcase both the scientific works done 

Dr. Bibha and the sheer leap of courage it must have taken almost a century ago, to plunge in a 

male-dominated field in order to pursue science. This issue also illustrates the isolation and 

difficulties inherent to women physicists –then and now.  

The issue contains an article by S.C. Roy and Rajinder Singh, which tells the tale of                       

Bibha Chowdhuri’s life— especially portrays her indomitable spirit in the face of desolation. We 

reproduce her CV from PRL records (1962). A valuable account of her research at PRL and 

persona is detailed by her student Yogesh Saxena. The cosmic ray research history at PRL      

(1947–72) by R.P. Kane also highlights Bibha’s role at PRL. Reminiscences by her former 

colleagues at PRL and TIFR, bring out different facets of her personality.  Sreerup Raychaudhuri 

unravels the story of the cosmic-ray research in India, while Rohini Godbole describes the 

discovery of elementary particles – from electron to Higgs Boson. Some of the latest developments 

in cosmic muons and astroparticle physics research are presented in the articles by Sunil K. Gupta 

(GRAPES3), Rameez and Sarkar (IceCube), Archana Sharma (Cloud Chamber to TPC),            

Moon Moon Devi (INO) and Manimala Mitra (Muon g–2 anomaly). Has life been any easier for 

women physicists in India, successors of Bibha Chowdhuri? This question is discussed in the 

articles by Bindu Bambah and Sumathi Rao. Additionally, a report on the IPA50 panel discussion 

“Women in Physics: where do we go from here?” provides important inputs for addressing gender 

imbalance.  

Other articles included are – IPA50 webinar series report; APS International Young Leaders 

Forum 2021 report; a review of the book “A Jewel Unearthed: Bibha Chowdhuri”, Profile of the 

Physics Department, University of Calcutta – from where Bibha Chowdhuri did her M.Sc. in 1936 

as a sole woman in her class. The regular features Meet the Scientists and Backscatter also tell the 

stories of women scientists.  

This microhistory does not intend to push for individual exceptionalism, but looks to the past to 

collect the stories of women like Bibha, to create an intergenerational network of solidarity. This 

aspect is further emphasized in this issue, with articles by both senior and junior women particle 

physicists in the country. We hope this story of Bibha will prove to be a ray of light and will inspire 

future generations, in particular women, to take up the challenges of physics research.  

Thanks to IPA, for giving us the opportunity to pay a tribute to this legendary scientist. 

 

Srubabati Goswami, Arun K. Grover, Vandana Nanal
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From the President’s Desk  

 

I am indeed honoured to be given this opportunity to serve as an IPA president. 

The IPA started in 1970 at TIFR, with the efforts of Late Prof. B.M. Udgaonkar.  

I am very happy to be a part of this legacy.  

As you are aware, despite the pandemic, the reach of IPA has been widened 

through new initiatives and webinars. IPA now has a presence on all major 

social media platforms such as, YouTube, Facebook, and Twitter. I thank you 

all for the enthusiastic support given to the IPA webinar. I am happy to 

announce that the "IPA Jubilee fund" launched on the occasion of the IPA 

golden jubilee has received a good response. I appeal to all members and well-

wishers to generously donate to the same.  

The IPA proposes to hold several programs this year and soon a calendar of events will be made available on the 

webpage. Efforts are underway to enthuse and involve various IPA chapters in these activities. From April 2021, 

we have launched IPA monthly colloquium with a focus on Applications of Physics - aimed to give a flavour of the 

role physics and physicists play in different facets of life. We welcome proposals for hosting this or any other IPA 

activity. We expect to have more joint ventures with other international physics societies in the coming years.  

Physics News is the face of IPA. Prof. Dipan Ghosh and Dr. S. Kailas have shouldered the editorial responsibility 

for over a decade. The IPA is extremely thankful to them for their tireless efforts and service to Physics News. We 

have received several suggestions for new features to be added to this bulletin and the newly appointed editorial 

board will take this forward. The present issue is very special – it showcases the work of Dr. Bibha Chowdhuri, one 

of the first woman scientists of India, and highlights from the Cosmic Ray research. In this issue, the IPA on behalf 

the physics community in the country, pays a tribute to this forgotten hero of the Indian Science. It is heartening to 

note that recently two posthumous honours have been bestowed on Dr. Bibha Chowdhuri: the International 

Astronomical Union named a yellow white dwarf star as Bibha in 2018 and in 2020 the Govt. of India declared a 

chair professorship in her name to be instituted in TIFR or PRL. I congratulate the guest editors Prof. A.K. Grover 

and Prof. Srubabati Goswami, and Prof. Vandana Nanal for doing a commendable job.   

I would like to thank Dr. Ajit K. Mohanty, Dr. S.M. Yusuf, and other members of the outgoing executive committee 

for their excellent work in enlarging the scope of IPA activities. I look forward to your support and engagement to 

keep IPA vibrant in the coming years.  

 

S. Ramakrishnan 
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Bibha Chowdhuri – The First Woman Scientist at the TIFR  

Suprakash C. Roy1 and Rajinder Singh2 

1 Formerly Professor and Chairman, Department of Physics, Bose Institute, Kolkata 700009 
2 Research Group- Physics Didactics and Science Communication, Physics Institute, University of 

Oldenburg, 26111 Oldenburg, Germany 

E-mail: suprakash.roy@gmail.com; rajinder.singh@uni-oldenburg.de  

 

Suprakash Chandra Roy was Professor and Chairman, Department of Physics at Bose Institute, 

Kolkata. He obtained his doctorate from Calcutta University and did postdoctoral works at Yale 

University and University of Pittsburgh. He was Vice-President of the International Radiation Physics 

Society and was a member of the Editorial board of international journals, Radiation Physics & 

Chemistry and Applied Radiation & Isotopes. Prof. Roy has been the Editor-in-Chief of the journal 

Science and Culture spanning about two decades. He is also a writer and has authored biography of 

eminent Indian scientists with Dr. Rajinder Singh.  

Dr. Rajinder Singh is a Physicist & Historian of Science and Technology, presently working at 

University of Oldenburg, Germany. The history of science is his passion, with a particular interest in 

the areas of Indian scientists and Nobel Prizes. He has written 35 books, mainly on the history of 

science and Nobel prizes and seven amongst these are co-authored with Prof. S.C. Roy. He is a 

member of the editorial team of Science and Culture, Kolkata (Indian Science News Association), and 

Scientific Voyage, Kolkata. Earlier, he was also a member of the editorial team of the Indian Journal 

of History of Science. 

Abstract 

Bibha Chowdhuri belongs to the first generation of women scientists who began their research career in pre-independent India. 

Born more than hundred years ago, opting for a research career in physics, visiting England for further research and working 

in two premier research institutes after her return to India, were no small feats to accomplish. Her life is full of desolation and 

deprivation as she remained at the lowest rung of the academic ladder throughout her life. Measurement of meson mass while 

she was at Bose Institute, Kolkata using photographic plates preceded the measurement made by C.F. Powell for which he won 

the Nobel Prize. In spite of her significant contributions to physics throughout her life, she was practically unknown to the 

community of Indian scientists and has started receiving recognition only about 30 years after her death. The present article 

exemplifies her passion and devotion to science without yearning for any material gain, to inspire younger generation of 

scientists to emulate. 

 

Almost every institution carries a history of legendary 

achievements of some of its forerunners which is passed on 

through generations. Bibha Chowdhuri was one such scientist 

in Bose Institute so that when one of the authors (Suprakash 

C. Roy) joined Bose Institute in 1967 under the directorship 

of D.M. Bose, he was immediately enthralled by stories of 

D.M. Bose and Bibha Chowdhuri and their famous work on 

cosmic rays. Unfortunately, he did not get an opportunity to 

get in touch with Bibha Chowdhuri personally or learn more 

about her accomplishments till much later when he started 

writing a book on her, in partnership with Rajinder Singh. 

Unearthing documents from the lifetime of this scientist soon 

unravelled the genius in her and the extraordinary research 

work that she had carried out against all odds. 

Bibha Chowdhuri was born in 1913, at a time when female 

education in India was almost non-existent. Securing an M.Sc. 

degree in physics and then choosing a career to conduct 

research, which was against the tradition of women at that 

time, required a lot of courage and conviction. No doubt, 

Bibha Chowdhuri had both the qualities. She was the first 

woman high energy physicist of India and the first woman 

scientist to be recruited at Tata Institute of Fundamental 

Research (TIFR). She was the first to measure the mass of 

meson, while she was in Bose Institute, from the ‘stars’ 

formed in the photographic emulsion when exposed to cosmic 

rays. This was long before the work by C.F. Powell who was 

awarded the Nobel Prize in physics for the year 1950 for 

development of photographic method for particle detection 

and the discovery of the pion using the same method of 

measurement that was used by Bibha Chowdhuri and 

D.M. Bose. Sadly, despite her exceptional research 

achievements, she remained practically unknown to the 

scientific community of India. Her name did not find a place 

in any of the recent books like “Lilavati’s Daughters: The 

Women Scientists of India” [1] published by the Indian 
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National Science Academy or “Women Scientists of India: 

Lives, Struggles & Achievements” [2] published by National 

Book Trust. It is only after the publication of the book [3] “A 

Jewel Unearthed: Bibha Chowdhuri” that she came into the 

limelight. 

Bibha Chowdhuri had a life parallel to another woman 

scientist Mariette Blau who pioneered the development of 

photographic emulsion with her student Hertha Wambacher in 

imaging high energy nuclear particles and events using cosmic 

rays. She was a victim of racial persecution and gender 

discrimination. The only consolation for Blau was that she was 

at least nominated for Nobel Prize in 1950 by none other than 

Erwin Schrödinger, but women were not objectively 

considered and the prize was awarded to C.F. Powell. 

Moreover, “the documentation shows that the Nobel Physics 

committee prepared a blatantly inaccurate assessment that 

denied the importance and priority of their work” [4]. 

Furthermore, the women’s names were entirely absent from 

the published Nobel texts for that year while other scientists 

who were never nominated and contributed far less were 

mentioned. Both Bibha Chowdhuri and Blau died in their 

respective home towns in obscurity and no obituary was 

published in any of the scientific publications. 

The only solace is that Bibha Chowdhuri received recognition 

for her scientific contribution very recently, ~30 years after 

her death, when a star was named ‘Bibha’ after her [5] and a 

chair professorship in physics has been created in her name by 

the Ministry of Children and Women Welfare, Govt. of India. 

Bibha Chowdhuri (BC) obtained her M.Sc. degree in physics 

from Calcutta University in 1936. She was the only girl 

student in the class of 1934–36 having 24 students. She was 

the third woman to receive a post graduate degree in physics 

from Calcutta University even after 20 years of the beginning 

of post graduate studies in Calcutta University [6]. 

Bibha Chowdhuri at Bose Institute, Calcutta 

After her M.Sc. degree, Bibha Chowdhuri approached 

Prof. D.M. Bose (1905-1971), who was then Palit Professor of 

Physics at Calcutta University, for joining his research group 

to pursue research in physics. After initial reluctance of 

D.M. Bose on the ground that he did not have any research 

project suitable for women, she finally persuaded Prof. Bose 

to relent. This incident is reminiscent of the refusal of 

C.V. Raman to accept Kamala Sohonie as a research scholar 

at the Indian Institute of Science, Bangalore. It was not 

unusual considering the mindset of people at that time 

regarding the capability of women. Unfortunately, the general 

bias against women’s capability of undertaking the arduous 

task of scientific research and downplaying their individual 

achievements persists even today. And, this is not India-

specific; history is replete with many such instances even 

abroad.  

 

1 Refer to Eqn. (37) of Ref. [2] in the article Nature 148, 259 (1941) 

D.M. Bose was a legendary physicist of that era who was 

involved in constructing Cloud Chamber with C.T.R. Wilson 

and studied the nature of condensed nuclei produced on an 

incandescent platinum wire in a glass bulb saturated with 

water vapour [7]. On his return to India, he indigenously built 

a cloud chamber in Calcutta University. Although 

A.H. Compton was the first person who started experiments 

on cosmic rays in India, proper cosmic ray research in India 

had its beginning in Calcutta [6] (now Kolkata) and “the first 

Indian cosmic ray physicist” is certainly D.M. Bose. 

D.M. Bose had the privilege of working with C.T.R. Wilson, 

the discoverer of Cloud Chamber, and also with E. Regener in 

Berlin, who conducted some of the earliest cosmic-ray 

experiments under water [8]. Incidentally, 

Prof. B.V. Sreekantan, former Director of TIFR, mentioned in 

the mail exchanges with one of the authors (SCR)- “In 1948, 

after my M.Sc., I had an offer from D.M. Bose to join Bose 

Institute as a Research Scholar. Same time I had the offer from 

TIFR. Well somehow I decided to join TIFR.” BC joined 

TIFR in 1949, one year after Prof. Sreekantan, in the same 

group working on cosmic ray studies and Prof. Sreekantan 

mentioned that while working under Dr. Homi Bhabha “I had 

the benefit of discussions with Dr. Chowdhuri”. 

According to available information, Bibha Chowdhuri’s first 

research paper was on “Studies in nuclear disintegration by the 

photographic plate method-I, Disintegration of samarium 

nucleus by cosmic rays” published in the Transactions of Bose 

Research Institute [9]. The photographic plates were exposed 

to cosmic rays at an altitude of 12000 ft at Sandakphu (in 

Nepal) in 1938 for months together and the tracks formed in 

the photographic plate were studied. The distinct advantage of 

using a photographic plate as against cloud chamber was 

established from this investigation. This was the beginning of 

high-altitude cosmic-ray studies at Bose Institute using 

photographic plates. 

Bibha Chowdhuri started her cosmic-ray investigation 

immediately after this with all seriousness. She started 

exposing Ilford R2 and ‘new halftone’ photographic plates at 

three different altitudes at Darjeeling (7000 ft.), Sandakphu 

(12000 ft.) and Pharijong (14000 ft.) to study mesotron 

showers. It was only in 1935 that Yukawa theoretically 

predicted the existence of mesotrons, which were thought to 

be the mediators of the strong interaction responsible for 

confining protons and neutrons in the nucleus, and 

experimental confirmation of existence of mesotrons was one 

of the prime researches of the time. Plates were exposed 

directly to cosmic rays (air) while some plates were put under 

water, paraffin etc.  

From measuring the length of the track, scattering, mean     

grain spacing etc., Bose and Chowdhuri determined the 

physical properties of the detected particle such as its mass, 

energy,  momentum, etc. Using the formula of J.G. Williams1  
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connecting the mean scattering angle, θ, with the mean energy, 

W, 

𝜃 = {3.69 + 0.28 log10 (𝑍
4
3
𝜌𝑡

𝐴𝛽2
)
𝑍𝑒

𝑊
 √𝑁𝑡 

she calculated W. The next step was to determine the velocity 

of the particle. Since ionization loss of different particles    

with same charge in a given medium depends only on their 

velocities, such particles may have different ranges, but the 

mean grain spacing along their tracks will be same if they start 

with the same velocity. From the mean grain spacing, she was 

able to determine the velocity of the particle. She published 

four papers in Nature in quick succession [10–12] (Figure 1). 

Based on these experimental investigations, it can be said that 

she was the first person who measured the mass of mesotron. 

It is interesting to note that the two papers published in Nature 

in 1941 and 1942 have identical titles. The second one is an 

improvement on the first work using the corrected value of Z 

as was advised by Bhabha. The second correction refers to the 

lengths of the ionization tracks grouped together for which the 

mean grain size was within 6-5, 5-4, 4-3-2 μm. In the first 

paper they reported the mass of mesotron as 160 times the 

mass of electron (160me) while in the second paper the mass 

of mesotron was reported as 186me using the corrected value 

of Z. In a series of experiments, they studied the mesotron 

frequency distribution using photographic plates and also 

discussed the relation between the mean grain spacing along 

the tracks of α-particles and protons [13–15]. Details of the 

cosmic ray experiments performed at Bose Institute were 

reported by Roy and Singh [16]. D.M. Bose and Bibha 

Chowdhuri realized the necessity of improved photographic 

plates for further research on this subject, but they were forced 

to discontinue this research due to non-availability of 

photographic plates because of the restrictions imposed during 

World War II. And that was the end of cosmic-ray research at 

Bose Institute. 

Almost about a decade later in 1950, C.F. Powell received the 

Nobel Prize “for his development of the photographic method 

of studying nuclear processes and his discoveries regarding 

mesons” using the same method as was used by Bibha 

Chowdhuri.  

Powell used improved photographic plates (full tone) and 

obtained more accurate values. However, C.F. Powell 

acknowledged, “In 1941, Bose and Chaudhuri had pointed out 

that it is possible, in principle, to distinguish between the 

tracks of protons and mesons in an emulsion... Bose and 

Chaudhuri exposed ‘half tone’ plates at mountain altitudes and 

examined the scattering of the resulting tracks. They 

concluded that many of the charged particles arrested in their 

plates were lighter than protons, their mean mass being 200me. 

the physical basis of their methods were correct and their work 

represent the first approach to the scattering method of 

determining momenta of charged particles by observation of 

their tracks in emulsion” [17]. 

 

 

Figure 1: Snapshots of the papers of Bibha Chowdhuri and 

D.M. Bose published in Nature  

Bibha Chowdhuri at Univ. of Manchester, England 

Bibha Chowdhuri joined the cosmic-ray laboratory of Nobel 

Laureate P.M.S. Blackett in 1945 (Blackett was awarded 

Nobel Prize in 1949) at a time when studies on extensive air 

showers in cosmic rays were one of the most important 

investigations in particle physics. The density spectrum of 

penetrating showers was measured by taking photographs in a 

Cloud Chamber placed at the centre surrounded by four GM 

counters [18, 19]. She submitted her Ph.D. thesis               

entitled “Extensive Air  Showers  associated  with Penetrating
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Particles” in early 1949. The thesis was examined by Lajos 

Janossy (external examiner) and J.G. Wilson (internal 

examiner). 

A local newspaper of Manchester very succinctly reported her 

work under the title “Meet India’s New Woman Scientist—

She has an eye for cosmic rays” on the basis of an interview 

taken of Bibha Chowdhuri. The report covered the focus of 

her work at Manchester- “Bibha Chowdhuri’s particular 

programme is the study of extensive air showers caused when 

cosmic rays enter the earth’s atmosphere from the interstellar 

spaces. A cosmic ray touching a nuclear particle produces a 

shower, which extends itself by scattering in lower altitudes.” 

It further reported “Miss Chowdhuri is trying to discover the 

how, why and wherefore of this process; ultimately she hopes 

to estimate the exact extent of scattering and the number of 

particles involved. …The extensive air showers Miss 

Chowdhuri is investigating, contain both kinds, though mainly 

soft ones; she hopes to find out in exactly what proportions.”  

In reply to the question of the journalist on why we find so few 

women physicists, BC replied “Women are terrified of 

physics– that is the trouble.” “At school scientifically-inclined 

girls choose Chemistry; perhaps because a really sound grasp 

of Higher Mathematics is one essential of any Physics 

equipment.” At the same time, she emphasized the importance 

of women to be involved in science and scientific 

developments. “In this age when science, and physics 

particularly, is more important than ever, women should study 

atomic power; if they don’t understand how it works, how can 

they help decide how it should be used?” 

After finishing her Ph.D. work, BC decided to spend some 

time in Paris, in the Laboratory of Prof. Louis Leprince-

Ringuet. The laboratory was known for photographic 

emulsion technique – a field that BC had mastered on at the 

beginning of her scientific career. She needed financial 

support and approached the Government of India for a special 

grant to work in Paris for six months. The application was 

accompanied by a testimonial from J.G. Wilson, her Ph.D. 

thesis examiner at Manchester. The application was referred 

to Bhabha for his opinion. Bhabha, in turn, wrote a letter 

(dated Dec. 13, 1948) to J.G. Wilson (Figure 2) seeking his 

frank and confidential opinion about her ability and whether 

any special advantage would be gained by a short stay of six 

months at Paris. Bhabha further argued that BC had worked 

on extensive air showers (under Wilson’s guidance) whereas 

the proposed project in Paris will involve work on emulsion 

techniques. He also stated that “for the sake of national interest 

we need people, who are really on top of a certain branch of 

subject, however narrow”. 

While one understands Bhabha’s concerns, he seemed to have 

entirely forgotten that before leaving India, BC had done 

world-class work on emulsion plates (four papers published in 

Nature). In retrospective, her aim to pursue emulsion studies 

was not at all wrong. From history, we know that this detection 

technique was rigorously pursued and led to the discovery of 

mesons that won the Nobel Prize. It is only a matter of 

speculation that if Bhabha had not interfered, she might have 

become an expert on emulsion photography in India. 

After Bhabha’s letter, Wilson, who had earlier recommended 

BC’s application, appears to have changed his mind.  On     

January 3, 1949, Wilson wrote to Bhabha that “Miss 

Chowdhuri cannot be regarded as a first-class physicist, but 

she can make good progress under fairly done guidance.” 

However, he agreed that she had done good work on extensive 

shower particles, mostly with the cloud chamber. Like 

Bhabha, he also forgot BC’s work on emulsion technique and 

suggested that “she should in no way be encouraged to go into 

a new field of work”. 

 

Figure 2: A part of Bhabha’s letter to Dr. J.G. Wilson seeking 

his confidential opinion for Bibha Chowdhuri’s application 

for further research in Paris (Credit: TIFR Archives). 

Bibha Chowdhuri at TIFR 

After her brief stay at Paris, Bibha Chowdhuri decided to 

return to India. She was appointed at the TIFR in 1949 on the 

basis of the recommendation obtained from P.M.S. Blackett 

and subsequent interview taken by H.J. Taylor. 

 

Figure 3: Recommendation letter of P.M.S. Blackett (Credit: 

TIFR Archives) 

Interestingly, in contrast to Bhabha and Wilson, P.M.S. 

Blackett’s views as expressed in the letter written to        

Bhabha were quite impressive (Figure 3). She was appointed 

as a Research Fellow in the Experimental Physics Group for a 
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period of five years. She joined the institute on November 1, 

1949 and had thus the distinction of being the first woman 

scientist to have joined TIFR. 

The prevalent academic structure at TIFR at that time appears 

to be Fellow, Reader, Professor and she was offered a position 

at the lowest rung of the ladder. It is interesting to note that 

both the appointment letter as well as housing contract 

(available in the archive records) were gender biased, always 

mentioning “he” and nowhere referring to her as “she”. It 

should also be mentioned that the Ph.D. degree was awarded 

to her at a later point (1952). Hence in all the initial 

correspondences at TIFR she was referred to as “Miss”. 

 

Figure 4: Office order showing that Bibha Chowdhuri was in-

charge of Cloud Chamber Group. (Credit: TIFR Archives) 

From the records available at TIFR, we find that Bibha 

Chowdhuri was in-charge of the Cloud Chamber Group and 

was involved in the investigations of the penetrating 

component of cosmic-ray air shower (Figures 4 and 5).  

 

Figure 5: Description of BC’s work from TIFR Internal 

Report of 1953-54 (Credit: TIFR Archives). 

During her tenure of five years at the TIFR, only one article 

was published by her [20], in collaboration with others. 

However, one paper sent for publication in July 1949 from 

Manchester was published after joining TIFR [21]. In an 

article [22] written by Sreekantan, it is mentioned that 

 

2 Details are now available in the CV from PRL records, reproduced 

at the end of this article.  

“Prof. B. Peters, Prof. M.G.K. Menon, Prof. S. Biswas, 

Dr. (Miss) Bibha Chowdhuri, Dr. Appa Rao and Gaurang 

Yodh joined TIFR about the same time and gave a big boost 

to its cosmic ray activity”.  

Bibha Chowdhuri after Leaving TIFR 

Bibha Chowdhuri decided to apply for the position of a Senior 

Research Fellow in a cosmic-ray project at Bengal 

Engineering College, Shibpur (Howrah) under the 

sponsorship of Atomic Energy Commission, on the basis of an 

advertisement published in The Statesman (an English daily).  

In a letter dated November 20, 1953, she wrote to Bhabha 

appraising him of her decision and requested him to issue a 

No Objection Certificate (NOC) for this purpose. The NOC 

was issued by the Deputy Director on December 1, 1953. The 

letter also mentioned that “Dr. Bhabha is prepared to give a 

recommendation if necessary”. The reason for her leaving 

TIFR is not clear. It was, for sure, not for any monetary benefit 

as is evident from official records available at TIFR Archives. 

Her salary before leaving (as of November 1 at TIFR was Rs. 

500/- in the scale of Rs. 350-30-590/-) while her pay at B.E. 

College, approved by the Ministry of Natural Resources and 

Scientific Research, Government of India, was to be fixed at 

Rs. 450/- in the scale of Rs. 250-50-500/-. It is quite possible 

that she was inclined to go back to her home town Calcutta. 

The exact date of her joining B.E. College and duration of her 

stay there is not known. However, from the exchange of letters 

between the Principal, B.E. College and the Ministry of 

Natural Resources and Scientific Research, Govt. of India, it 

is clear that she joined no later than January 1954. She stayed 

connected with some of her TIFR colleagues. Sukumar 

Biswas and Bibha Chowdhuri attended the International 

Conference of   Elementary Particles held in Pisa, Italy (Figure 

6). Both of them continued to have a collegial relationship. 

Her long-term association in India was at TIFR and Physical 

Research Laboratory (PRL), Ahmedabad. However, her 

whereabouts during 1954 to 1961, i.e., from the time she left 

TIFR to joining B. E. College till the time she joined PRL, are 

somewhat hazy2. It is known that during this intermediate 

period she was in France and at the University of Michigan, 

USA for a few years. From a paper published in 1956 from the 

laboratory at France [24], it is apparent that she went to France 

first and then to the University of Michigan as a Visiting 

Lecturer in the Department of Physics in 1957. 

Bibha Chowdhuri at PRL 

After joining PRL, Bibha Chowdhuri was engaged in studying 

the characteristics (multiplicity, absolute number and angular 

distribution) of muons of energy ≥ 150 GeV with neon flash 

tube technique. The measurements were made at a depth of 

580 meter water equivalent at Kolar Gold Field (KGF). 

Prof.  Y.C.  Saxena,  now  a  retired  senior  professor  at  the 
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Institute of Plasma Research, recalled his experience of 

working with BC at PRL. Being interested in the project 

“Detection of high energy of muons associated with extensive 

air showers of cosmic rays” that BC was pursuing then, he 

decided to join BC as a student to the ‘surprise of many of my 

colleagues and seniors’. He gave a glowing tribute to his 

teacher [25]: “She was a very good teacher and took care that 

I kept up with the required studies while doing the experiment 

and collecting data and she provided the books and papers for 

that. She had a very good understanding of the subject and was 

of great help in analyzing and interpretation of the 

experimental data. In addition to the Cosmic Rays and High 

energy Physics, she taught me French language, which was 

part of the PhD curriculum at Gujarat University at that time.” 

 

Figure 6: BC (left) and Dr. Sukumar Biswas (right) at the 

International Conference in Pisa, Italy (1955). (from the book 

“Cosmic Quests” by S. Biswas [23]; Credit: Noopur Biswas) 

From the very beginning of the KGF project started in 1960, 

BC was a part of the team. The experiment was to be 

conducted at KGF with the detector to be placed underground 

at a depth of 700 ft. and to be operated in conjunction with the 

Extensive Air Shower array of TIFR on the ground. 

Y.C. Saxena reported the following about BC’s role at KGF: 

“She worked out the modalities of the same with TIFR group 

under Prof. Sreekantan and arranged the site underground as 

well as rented a bunglow for our stay at KGF before she asked 

us to move there. We shared the bunglow with one half 

occupied by her and the other half shared between me and our 

technical assistants. She took care of various aspects and made 

sure that we had no difficulties at that place. She was present 

at KGF for most of the time of our stay there and guided us in 

setting up and operating the detector. Visits every day, to 

detector placed underground, were our daily exercise where 

all of us to go, each bearing a miner’s hat, using a lift (called 

cage that moved on a steel rope) with coded commands sent 

to operator for moving and stopping of the cage. Some times 

each one of us had to carry an oxygen cylinder and mask if the 

conditions inside were not favourable.” 

Several papers have been published with her Ph.D. student 

Y.C. Saxena during her tenure at PRL [26–28]. Extension of 

this work and analysis of more data helped to publish 

additional papers by Dr. Saxena [29] where BC was 

acknowledged for her guidance. For details of the PRL work, 

readers are referred to the book [3] and the article written by 

Dr. Saxena in this issue. It is interesting to note from her list 

of publications that although she used to publish papers in 

international journals while working at Bose Institute and 

Manchester, she decided to publish all her work in Indian 

journals after her return to India. The reason behind this 

continues to remain a mystery. Dr. Saxena asserted that the 

scientific work of BC was of high quality. 

Bibha Chowdhuri at Calcutta (now Kolkata) 

After her retirement from PRL, Bibha Chowdhuri returned to 

Calcutta and continued research work on high energy physics 

in collaboration with scientists from Calcutta University, Saha 

Institute of Nuclear Physics (SINP), Variable Energy 

Cyclotron Centre (VECC) and Indian Association for the 

Cultivation of Science (IACS) using solid state track detectors 

like CR-39. Their investigations were aimed at understanding 

the nucleus-nucleus interaction at relativistic energies [30, 31] 

(1-2 GeV/A) to obtain information regarding astrophysical 

and cosmic ray phenomena; response of CR-39 to high energy 

(28 MeV) alpha beam obtained from VECC and neutrons    

[32, 33]. In 1987, Ganguly, Chowdhuri and Baliga [35] 

studied the reaction of 12C(4He,Li) at (33.8 ± 2.4) MeV alpha-

particle energy using CR-39 detector and measured the 

differential cross-section for 12C(4He,5Li)11B and 
12C(4He,6Li)10B reactions at different scattering angles.  From 

the observed maxima in angular distribution at scattering 

angle of 35°, they inferred the production of the 6Li and 11B 

ions in the reaction. 

Bibha Chowdhuri died in obscurity at Calcutta in 1991. 

According to the best knowledge of the authors, no obituary 

was published in any professional journal or periodical. Her 

last paper titled “Existence of charge phenomena in 56Fe + 27Al 

collisions at 1.88A GeV” was published in the Indian Journal 

of Physics in 1990. This amply proves that she was a devoted 

scientist till her last breath. 

Posthumous Honours 

Two honours have been bestowed on Bibha Chowdhuri after 

her death. In a major tribute to her, the International 

Astronomical Union (IAU) named a star ‘Bibha’ after Bibha 

Chowdhuri in December 2019. She is the only woman 

scientist from India to have received such an honour [5]. In 

2016, IAU started cataloguing and naming of stars through a 

work group. In 2019, the IAU organized the IAU100 

NameExoWorlds campaign to name exoplanets and their host 

stars. To involve masses in the decision making, the IAU on 

its 100th anniversary in 2019, decided to name stars by inviting 

suggestions from people. Accordingly, invitations were sent 

to Astronomical Societies of various countries including the 

Astronomical Society of India (ASI). The ASI organised a 

competition to propose names for the ‘planetary system HD 

86081’. The star HD86081 (which is bigger and more massive 

than Sun) was observed in November 2005 and its first planet 

86081b was discovered in April 2006. The ASI invited 

proposals from school and college students, and finally name 

Bibha for the star and Santamasa for the exoplanet 86081b 

were accepted [36].
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The second honour came in March 2020 when the Ministry of 

Woman and Child Development, Government of India, came 

up with a proposal to establish 11 Chairs after renowned 

Indian women scientists, and it is a matter of great pride that a 

Physics Chair was announced after Bibha Chowdhuri. 

Conclusion and Some Issues 

Bibha Chowdhuri’s life was full of challenges and struggles, 

particularly for a woman born in the early part of the 19th 

century at a time when female education in India was a 

complete no-no. Her joining a research project in a male-

dominated area of experimental physics at that time, her 

sailing abroad all alone for further research in pre-independent 

India, are examples of her indomitable mental strength and 

conviction. 

Her publication record shows that she published about 11 

scientific papers (of which 6 are in reputed international 

journals) prior to joining TIFR, only one paper during her 

tenure of five years in TIFR, 3 papers during her tenure of 

about ten years in PRL and another 11 papers were published 

while working at Calcutta after retirement. This raises an 

obvious question regarding the environment of big institutions 

like TIFR and PRL not being conducive to research by women 

at that time.  It is possible that most of her effort was dedicated 

to instrumentation at the initial stage of cosmic-ray research at 

the two institutes. Unfortunately, with most of her 

contemporaries not being around anymore, her performance 

in TIFR and PRL continues to be a mystery.  

It is our pleasure to see that Bibha Chowdhuri finally got her 

due recognition, although after 30 years of her death, and 

rightful place in the society after remaining unlisted in the 

pantheon of Indian eminent scientists for years. 
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Abstract 

Experiments carried out by Dr. Bibha Chowdhuri during her tenure at Physical Research Laboratory, Ahmedabad are 
summarised. Personal reminiscences of the author’s association with her during his doctoral work, which was carried out under 
her supervision, are included. The article gives a glimpse of Dr. Bibha Chowdhuri, as an eminent scientist and excellent mentor. 

 

Introduction  

I had the good fortune of working with Dr. Bibha 
Chowdhuri, a reputed Cosmic Ray Physicist, who nearly 
discovered the mu-meson during her early work at Bose 
Institute, Kolkata (and perhaps narrowly missed a Novel 
Prize), for my Ph.D. Dr. Bibha Chowdhuri joined Physical 
Research Laboratory (PRL), Ahmedbad in 1958 after working 
at TIFR till 1953 and spending time at Ecol Polytechnique, 
Paris and University of Michigan from 1954–1958. 

In the following, I will try to summarise her experimental 
work at PRL and share some of the memories of the time I 
spent with her during my Doctoral research work. 

Early Experiments at PRL 

These were the years when PRL was recognized as an 
important centre for permanent operation of meson telescopes 
and neutron monitors – not only at Ahmedabad, Kodaikanal 
and Trivandrum, but also far beyond Indian shores, and for 
studies in the time variation of Cosmic Ray Intensity. 
Extensive Air Shower (EAS) has been Dr. Chowdhuri’s forte 
right from the time of her thesis work and a new chapter was 
opened in Cosmic ray research at PRL after her joining, with 
installation of Extensive Air Shower (EAS) experiments at 
Kodaikanal. Prof. E.V. Chitnis, former Director of Space 
Application Centre, Ahmedabad also worked on this 
experiment. She spent several years working at Kodaikanal 
observatory of PRL, before starting on the design of a new 
experiment related to the study of high energy muons 
associated with EAS.  

Experiment at Kolar Gold Field 

In early 1962, she started planning an investigation to study 
high energy muons (energy >150 GeV) associated with 

extensive air showers to be carried out at Kolar Gold Fields 
(KGF), India, in collaboration with Tata Institute of 
Fundamental Research (TIFR), Bombay. The basic aim of 
such an experiment was to derive information about the 
characteristics of high energy muons in EAS and thereby 
obtain information regarding the nuclear interactions and the 
composition of the primary cosmic rays at high energies. 

Experimental Arrangement of the KGF Experiment 

 

Figure 1: Schematics of the KGF EAS array of TIFR [1] (left) 
and location of the underground detector relative to the centre 
of the EAS array (right). 

The experimental system consisted of the EAS array at the 
surface consisting of 20 scintillator counters, along the 
periphery of concentric circles of increasing radii and a 
penetrating particle detector located at a depth of 194 m 
underground, in the Bullen Shaft of KGF, and the minimum 
energy required by the muon to penetrate this depth was 
about 150 GeV (Figure 1). The EAS array formed a part of 
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the TIFR experimental setup [1]. The penetrating particle 
detector consisted of a scintillator counter, of area 1.5 m ×
1.5 m, viewed by two photomultipliers in coincidence and two 
arrays of Neon Flash Tubes (NFT) placed below the 
scintillator, as shown schematically in Figure 2, forming the 
NFT hodoscope. 

 
Figure 2: Schematic of the underground detector, consisting 
of a scintillator viewed by two photomultipliers in 
coincidence, two arrays of NFTs, separated by lead and iron 
and a set of GM counters. 

The area covered by the hodoscope was 1.2 m × 1.2 m. While 
the top array was placed 10 cm below the scintillator counter, 
the second array was 49 cm below the first array and 10 cm of 
lead and 1 cm of iron plates were placed above it. The lead 
absorber extended to 15 cm on each side of the lower array 
and 30 cm on the back. Each of the arrays consisted of three 
layers of NFTs, each NFT of 120 cm length, sandwiched 
between two aluminium plates between which high voltage 
was applied for 12 µs on detection of a coincidence. Whenever 
a coincidence was obtained between the EAS and the local 
detector, neon flashes were observed in the neon tubes through 
which ionizing particles (mostly muons) passed. The 
hodoscope was photographed, through a system of mirrors, 
from the front end at each trigger event [2]. 

Part of this experiment was done by triggering the NFT 
hodoscope with a local twofold coincidence between the 
scintillator counter and a set of Geiger-Muller (GM) counters 
place under the lead and iron plates. The GM counter-
scintillator telescope enabled the NFT hodoscope to be 
triggered with a single particle and enabled the recording of 
all the cosmic ray muon reaching the detector.  

Results from the KGF Experiment 

The events recorded in the NFT hodoscope were classified in 
three categories: (1) Single track (2) Double tracks and (3) 
Multiple tracks. Large showers, associated with EAS were 

also observed and phenomenologically classified in four 
different groups viz. (I) Rock showers, produced locally in the 
surrounding rocks and consisting of all the secondaries from 
all directions (recorded in the top array) with only a single 
particle or sometimes even none under the 10 cm of lead 
(Figure 3). (II) Events in which single particles are incident on 
the lead absorber and a large dense burst is detected under the 
lead (Figure 4). (III) Small dense bursts, emerging from the 
rock which showed a large spread after traversing the lead 
(Figure 5). (IV) Large rock showers as in Group I, but with 
three or more particles and sometimes a small burst detected 
under the lead (Figure 6). A similar classification was made 
for the data obtained with local coincidence between the GM 
counter and the scintillator detector. It was concluded from the 
data that large showers, formed in the surrounding rock or the 
lead absorber, could be due to the electromagnetic interaction 
of fast muons in the medium traversed. Multiple penetrating 
particles, consisting of three or more parallel particles spread 
over a distance of >50 cm, were interpreted as part of the EAS 
core [3]. 

 
Figure 3: Photograph of a typical Group-I particle shower, in 
the NFT hodoscope, triggered by the muon associated with 
EAS. The white dots are from the glow in the NFTs when 
charged particle pass through them. 

 
Figure 4: Photograph of a typical Group-II particle shower, 
in the NFT hodoscope, triggered by the muon associated with 
EAS. The white dots are from the glow in NFTs when charged 
particle pass through them.
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Figure 5: Photograph of a typical Group-III particle shower, 
in the NFT hodoscope, triggered by the muon associated with 
EAS. The black dots are from the glow in the NFTs when 
charged particles pass through them. The hatched insert 
shows the location of the lead plates, above bottom NFT array. 

 
Figure 6: Photograph of a typical Group-IV particle shower, 
in the NFT hodoscope, triggered by the muon associated with 
EAS. The white dots are from the glow in the NFTs when 
charged particles pass through them. 

Various electromagnetic interactions of muons of energy > 
150 GeV, associated with EAS were also investigated in this 
experiment. Based on the calculations using the cross-sections 
for knock-on, bremsstrahlung and direct pair production, and 
energy spectrum of muons associated with EAS [5-9], it was 
concluded that common types of showers generated by the 
high energy muons associated with EAS, may be interpreted 
as due to pure electromagnetic interaction muons with rock 
and lead. Another group included very large showers which 
reached their maximum development in the rock, but which 
still continued their path through the lead absorber. In most 
cases in more than three particles were detected under the lead. 
These showers could not be accounted for as resulting from 
electromagnetic interaction of muons with rock. Based on 
detailed estimation based on (i) the equivalence of the 
electromagnetic field of high energy muons to a beam of 
virtual photons and (ii) cross-section of the virtual photons 
interacting with nucleons of the medium to generate nuclear 
showers, it was concluded that these events were produced by 
muons through photo-nuclear interactions within the rock. The 
photonuclear interaction cross-section estimated from these 
events was found to be(1.6 ± 0.75)10  cm /nucl. 

In addition to the events described above, several events 

involving the double penetrating parallel particles were 
observed. The criteria for their detection in the projection 
plane was that they should be detected in both the upper and 
the lower NFT arrays, traversing 10 cm of lead, and the angle 
between them should be < 2 . The minimum projected 
separation between the two tracks was found to be ~2 cm. The 
decoherence distribution of parallel pairs, of the high energy 
associated with the EAS with separations < 1 m, was found to 
follow the exponential law 𝐴 exp (𝑟 𝑟 )⁄ , with 𝑟 =  (25 ±
8.5) cm. Comparison with other experiments suggested that 
the parallel pairs may result by interaction on muon with rock 
and one of the particles may be a pion [10]. 

Data from large number of EAS observed in coincidence with 
the underground detector, was analysed to obtain the 
dependence of the total number of muons of energy > 150 
GeV, which was found to vary as 

𝑛 (≥ 150 𝐺𝑒𝑉, 𝑁) = (27 ± 7)
𝑁

10

. ± .

 

for 10 ≤ 𝑁 ≤ 5 × 10 . An increase in the power index was 
indicated for  𝑁 < 10  (Figure 7).  

 
Figure 7: Variation of total number of muons of energy ≥
150 GeV with the size of associated EAS. 

The energy spectrum of the muons was found to be a power 
law of the type 𝐸 . ± . , 150 GeV ≤ 𝐸 ≤ 640 GeV, based 
on the data from the PRL experiments and results obtained by 
Sivaprasad [6]. The observed variation of 𝑛  with N was found 
to be flatter than the one predicted by the known EM models 
for constant primary composition. A primary composition 
varying with primary energy and/or an energy dependent 
change in the characteristics of nuclear interaction at high 
energies was suggested to account for the observed results [8]. 

Personal Reminiscences 

My first meeting with Dr. Bibha Chowdhuri was during the 
course work, which I was taking as a Research Scholar, at 
Physical Research Laboratory (PRL), Ahmedabad in the year
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1964. She gave us a course on “Interaction of High Energy 
Particles and Matter”, and I was extremely impressed by the 
way she taught. At that time there was a feeling in the 
Research Scholars at PRL that she was a tough person to work 
with, which turned out to be totally misplaced as I discovered 
during my work with her for the next several years. 

She was quick to apprise me of the experimental program, 
gave me the task of reading the appropriate literature and 
promptly put me to work on the new detector system which 
she was developing for the experiment at KGF. This included 
a scintillator detector together with arrays of neon flash tube 
to get a visual record of the particles passing through the 
detector. The neon tubes were being made in the glass blowing 
section of PRL, using soft soda glass, and she put me to work 
with the glass blower, Mr. Sharma, who was making these 
tubes. She used to visit us often to track the progress. Those 
were the days when PRL was housed in two double-storied 
building and space was limited. Modest as she was, she 
allowed me to share the room where she was sitting and which 
in addition had a large working table, used for testing and 
development of electronics. 

When the equipment for KGF got ready, she took it upon 
herself to go to KGF, arrange for a furnished Bungalow, hired 
from Mining authorities and fix the location of the experiment 
underground, before asking me and my colleagues to go there. 
We shared the Bungalow with her, with a third occupied by 
her and remaining by the rest of us. 

Working inside the mines has its own difficulties associated 
with frequent rock bursts, water leakages and fire hazards. 
Sometimes the work had to be stopped for several weeks and 
it was her patience and encouragement that kept us going 
during these difficult periods. During normal operation days 
she always accompanied us to the underground experimental 
station for routine check ups and repairs whenever required. 
Mobiles were not in vogue those days and cameras too 
expensive to be bought by somebody on a Rs. 300 pm 
scholarship and I therefore have no pictures of that time with 
me. I however have vivid memory of Dr. Chowdhuri, bearing 
a long, white cotton coat above her dress, a miner’s helmet on 
her head and a long torch in her hand, ready to accompany us 
to the underground laboratory for routine checks/repairs. We 
were also similarly attired and in addition had a lamp attached 
to the helmet and a battery tied to the back. On rare occasions 
of emergency when there were some issues like fire or water 
flooding, she was not allowed to go and I went with security 
personnel of the mines, with a gas mask and a gas cylinder, to 
switch off the power and put safeguards on the equipment. In 
such cases she would impatiently await our return in a 
makeshift laboratory within the mine campus (Bullen shaft of 
KGF) and enquire about our wellbeing and status of the 
equipment. 

Even when she went on, not so frequent, vacations, we had to 
keep her posted about our activities and progress through 
letters, as telephone and trunk call services were not easily 
available and were not frequently used those days.

Our experiment at KGF was operated in association with the 
Extensive Air Shower array of TIFR, on surface, and it was 
my first experience of working with a large group and she 
helped me with that to a great extent. That experience became 
extremely useful when we started working in large groups at 
Institute for Plasma Research.  

She did not ask for any additional facilities like office staff or 
library at KGF from PRL and managed many official tasks 
herself. She was an exceptionally good teacher and took care 
that I kept up with the required studies while doing the 
experiment and collecting data and she provided the books and 
papers for that. She was an avid reader and had a large 
collection of books both scientific and related to literature. I 
had a good fortune of sharing some of those books. She had 
an incredibly good understanding of the subject and was of 
great help in analyzing and interpretation of the experimental 
data. In addition to the Cosmic Rays and High energy Physics, 
she taught me French language, to help me with the foreign 
language examination, which was mandatory part of the Ph.D. 
curriculum at Gujarat University at that time. 

As sufficient data was obtained, she permitted me to return to 
Ahmedabad, in early 1970, to start data analysis and prepare 
my thesis while she continued the experiment for more than 
five years after which she bound up the experiment and 
returned to Ahmedabad. 

By that time, I had submitted my thesis, duly approved by her 
and signed by Prof. Vikram Sarabhai on her recommendation. 
She was a recognized guide for Ph.D. at Bombay University 
and had choice to ask me to register there, which would have 
required me to seek eligibility to do Ph.D. from Bombay 
University. When she joined PRL she did not seek recognition 
as a Ph.D. guide from Gujarat University (where most of the 
research scholars registered for their Ph.D.) and though my 
entire work was done under her guidance, she arranged to 
register me under Prof. Vikram Sarabhai, which speaks a 
volume about her dedication to science without bothering 
about credits.  

Dr. Bibha Chowdhuri had published a good number of papers 
in reputed foreign journals while she was in Bose Institute, 
Manchester and TIFR, but while working in PRL, she 
preferred to publish her scientific work in the journal 
published by the Indian Academy of Sciences. 

After submitting my thesis, I switched to research in 
Experimental Plasma Physics and joined PRL faculty. As she 
returned to Ahmedabad from KGF, she had plans to continue 
her pursuit of EAS studies and conduct experiments on EAS 
and associated radio emissions, a project which she had 
discussed with Prof. Sarabhai, and had started planning before 
Prof. Sarabhai’s sudden unfortunate demise. A radio telescope 
was being planned to be established at Mount Abu by PRL at 
that time and she had plans to put up an EAS array there an 
study EAS and associated Radio Emission. Restructuring of 
research activities and consequent changes at PRL after 
Sarabhai era, perhaps did not permit her to pursue that study 
though  the  radio  telescope did come up at Mount Abu in the
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subsequent years. Around 1977-78, she took a voluntary 
retirement from PRL and returned to Kolkata where she 
continued her research at Indian Association for Cultivation of 

Sciences in collaboration with scientists at SINP. A 
photograph of Dr. Bibha Chowdhuri with PRL faculty 
members is shown in Figure 8.

 
Figure 8: Dr. Bibha Chowdhuri with PRL Faculty

I had my last meeting with her at her residence at 36, Broad 
Street, Kolkata, when I visited her along with my senior 
colleagues Prof. P.K. Kaw and Prof. Abhijit Sen. This was an 
occasion when a symposium was being conducted by Plasma 
Science Society of India, at Saha Institute of Nuclear Physics 
(SINP), Kolkata and we took some time off to pay her an 
unannounced visit. She was pleasantly surprised at this and 
was happy to see all of us. Like a mother enquiring about her 
son, she asked Prof. Kaw how I was doing in the new field, in 
which I had ventured. She was happy to hear some good words 
about me from Prof. Kaw. Several years later, I heard from Dr. 
G. Subramaniam, a close associate of Dr. Chowdhuri during 
her tenure at PRL, and my senior at PRL, of her sad demise in 
1991. 

I learned a lot from her in the early phase of my carrier      
which has served as a building block in my subsequent years, 
and I owe her a lot for this. My humble tributes to Dr. Bibha

Chowdhuri, my guide and mentor, a great lady who dedicated 
her life to the scientific pursuit. 
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Dr. Bibha Chowdhuri worked in the Kodaikanal Observatory of PRL during 1959-1966 with CSIR funding.  In a report 
submitted to CSIR in 1963,  she described the proposal to study the structure of the -mesons and their relative abundance 
as compared to the  electron component in the core of high energy cosmic ray air showers,  to probe the nature of the 
nuclear interactions.  She planned the project in conjuction with TIFR air shower experiment at KGF, which was to be 
transferred later to Kodaikanal cosmic ray station.  Two types of detectors were proposed: plastic scintillators to determine 
the electron density near shower core and Neon flash tubes or conversi tubes for detection of -mesons.  She also stated 
that all the necessary electronic circuits as well as the vacuum system to fill the gas in conversi tubes were made,  but soda 
glass tubings had to be imported from England since it was not available in India (at that time).   

 (Narrated by Srubabati Goswami, Retrieved from PRL records, Credit:  Anil Bhardwaj (Director, PRL)) 
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Cosmic Ray Research at Physical Research Laboratory (1947-1972)  
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Mr. Rajaram Purushottam Kane was selected by Dr. Vikram Sarabhai as his first research student in 1948.  

He received his Ph.D. on "Time-variation of Cosmic Ray Intensity near Geomagnetic Equator" in 1953. 

During 1953-54, he was awarded a Fulbright & Smith-Mundt Fellowship to work with Prof. J.A. Simpson 

at the Institute of Nuclear Studies, University of Chicago. He returned to PRL to serve as a Senior Fellow 

first, and later as a faculty member. In May 1978, he moved to INPE (Instituto Nacional de Pesquisas 

Espaciais) at São José dos Campos, SP, Brazil. He worked there in the fields of Geomagnetism, Aeronomy, 

Solar Physics, and Rainfall studies, and remained active till he passed away on May 6, 2017. 

Abstract 

This write-up was prepared in 1970s by Prof. R.P. Kane (1926-2017) on a request by Prof. S.P. Pandya, former Director        

(1983–87), PRL to document the beginnings of research at PRL. It somehow remained untraceable for over four decades! By 

sheer coincidence, it was rediscovered ~ 2014 by Prof. Pandya. The handwritten manuscript had turned yellow and crumpled. 

At Prof. Pandya’s behest, it was transcribed by Dr. V.B. Kamble, remaining faithful to the original text. Prof. Kane’s description 

in first person gives a vivid insight into the evolution of PRL in its formative years. Further, to retain the original flavour, no 

updates are being introduced. However, a Prelude section has been added by editors of this special issue, to give an idea of 

beginnings of TIFR and PRL, two institutes Dr. Bibha Chowdhuri served at. 

 

Prelude  

Dr. Bhabha had been in India on a vacation when the second world 

war accelerated in Europe and he chose to embed himself in 

Department of Physics of Indian Institute of Science (IISc) headed 

by Nobel Laureate C.V. Raman. The Dorabji Tata Trust had created a 

position of Reader in Physics for Dr. Homi Bhabha at IISc Bangalore. 

A bright scion of Sarabhai family of Ahmedabad had enrolled at       

St. John’s College Cambridge in 1937 for Tripos in Natural Sciences 

at the recommendation of Nobel Laureate Rabindra Nath Tagore, and 

he qualified through it in 1939. As second world war intensified, 

Vikram Sarabhai sought permission to continue his post graduate 

studies in India under the supervision of C.V. Raman at IISc. From 

1940 onwards, Dr. Homi Bhabha and Mr. Vikram Sarabhai were 

together at Bangalore.  

Nobel Laureate R.A. Millkan had visited his friend C.V. Raman twice 

in 1937 and 1940 to carry out Cosmic Ray research by sending 

payloads to high altitudes in rubber balloons from near the magnetic 

equator latitude of Bangalore. Raman advised Vikram to explore 

Cosmic Ray research using photographic emulsion plates exposed to 

cosmic ray particles at higher altitudes. However, Vikram chose to 

explore Cosmic Rays via Geiger Counter assemblies by virtue of 

their variety, adaptability and precision. He presented his first 

research work in 1942 with the title ‘The time distribution of Cosmic 

Rays’ at a meeting of Indian Academy of Sciences. Dr. Homi Bhabha 

focused his attention on fabricating Geiger Counter Assemblies 

comprising series of counters separated by Lead sheets. Such 

assemblies were flown in planes of US Army’s Airwing, which were 

brought for repairs and maintenance to the hangers of Hindustan 

Aerospace Ltd, a private enterprise then. HAL had been put at the 

disposal of US Army in 1943. Bhabha had met Millikan in 1940 and 

he sought technical consultancy from Millikan for his payloads in 

1942, which were flown in few flights of a B29 bomber up to                  

a height of 14 km. Vikram received additional support from                

Dr. K.R. Ramanathan of India Meteorological Department (IMD) at 

Poona for his own Geiger Telescope Assemblies, which he carried to 

high altitudes of over 14000 feet in Kashmir valley near Gulmarg in 

summer of 1943. 

Dr. Homi Bhabha started Tata Institute of Fundamental Research for 

Physics in the Physics Department of at IISc campus on June 1, 1945, 

and the institute as TIFR was formally inaugurated in Bombay on 

December 19, 1945.  

Vikram Sarabhai returned to Cambridge to complete his doctoral 

research work after the war in 1945 itself. He obtained his Ph.D. in 

1947 and returned to Ahmedabad in independent India to emulate      

Dr. Bhabha to start nucleating PRL. The very beginning of it was 

made on November 11, 1947 by setting up an experimental workshop 

at Sarabhai residence ‘The Retreat’ in Shahibaug, and transporting 

old research instruments of Vikram lying in IMD Poona.                       

Mr. Chatrapati Joshi, a M.Sc. in Physics with an expertise in 

electronics from Allahabad University was the first scientific and 

technical person to join Dr. Vikram Sarabhai. It is interesting to recall 

that Dr. Bhabha had enticed electronics expert and 1946 post graduate 

in Physics from Mysore University, Mr. B.V. Sreekantan, to leave 

IISc in favour of nascent TIFR in Bombay in 1948.  

Dr. K.R. Ramanathan arrived to assume Directorship of Vikram 

Sarabhai’s PRL in March 1948 and the foundation stone of the new 

laboratory was laid in 1952 by C.V. Raman in the presence of           

Mr. Kasturbhai Lalbhai of Ahmedabad Education Society, Dr. Homi 

Bhabha and Dr. S. S. Bhatnagar. The new building of PRL was 

inaugurated by Prime Minister Pt. Nehru in April, 1954. 
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M.G. Science College Ahmedabad, where PRL was established in 1947 (left), foundation of the PRL campus laid by C.V. Raman (center) and 

PRL main building in 1954 (right) (Image Credit: Director, PRL) 

Beginnings of Cosmic Ray Work at Physical 

Research Laboratory 

The cosmic ray work at PRL at least in the initial stages, was 

very intimately linked to the personal lives of the few 

scientists then involved. In a sense, we and research evolved 

together. Hence it may not be inappropriate to put on record 

how I got into it, as it tells something about how things 

evolved. In what follows, only facts related to me are certainly 

true. Opinions and remarks about others and other things will 

be necessarily subjective; and hence possibility of errors or 

misinterpretations is not ruled out. For which, I offer 

apologies, well in advance!  

After passing M.Sc. (1st class!) in 1946 from Benares Hindu 

University, I spent almost two years doing nothing, applying 

for lecturer’s job, but refusing to join when offered, in the hope 

that a research opportunity may arise somewhere! Meanwhile, 

the country got independence and hopes rose high; But 

nothing unusual happened! By 1948, I had almost given up. 

Father did not utter a word! But anxiety was writ large on his 

face! I decided to accept the lectureship at Meerut (salary Rs. 

200 fixed, and in spite of the rampant dearness there was no 

D.A. in those days!). But, then an advertisement appeared in 

Hindustan Times about research in Cosmic Rays etc. In M.Sc. 

we were taught Nuclear Physics (and atom bomb!), but 

Cosmic Rays was a distant dream, obscure, wild! However, 

that is what caught my imagination, and I applied. In a week’s 

time, I was asked to appear for interview at Sri Ram Place in 

Delhi! I did! I was the only candidate! And, Vikram Sarabhai 

told me that this was just a beginning, and he would let me 

know! A week later, I received a telegram saying I was 

selected! 

Ahmedabad! Where was it? My knowledge about Western 

India was pretty poor! I knew mainly Baroda (Vadodara), a 

Marathi State then! But my father knew that region from his 

young days! He said Ahmedabad was bigger than Baroda and 

had textile mills (Calico founded by Sarabhai family, Aravind 

Mill founded by Lalbhai) and also Mahatma Gandhi’s 

Sabarmati Ashram. Sounded incongruous! But, there I was, on 

01 July 1948 morning, at the old railway station! Found out 

that the two locations, Shahibaugh and Navarangapura 

(mentioned on an earlier letterhead from Vikram Sarabhai) 

were miles apart and miles away from the railway station! 

Anyway, public buses were available. So, I put my luggage in 

a nearby Dharmashala (yes, there was something like this in 

those days!), took bath and looked for the proper bus. Since 

M. G. Science Institute sounded more like Science than 

Shahibaugh, I proceeded to Navarangapura!  

What a shock! There was nothing there! A dilapidated old 

village! No sign of any intellectual activity! A half-starved 

creature was approaching. Looked like student! I asked about 

M. G. Science Institute. He did not know, but said there were 

some colleges almost a mile away! I walked and found the 

Commerce College, and then the Arts College; and by sheer 

persistence, an unkempt building which they said was M. G. 

Science Institute! 

Impossible! This must be an old stable or something! But, then 

the H2S smell was unmistakable! So, there must be a 

Chemistry laboratory, and therefore science! I ventured in, 

traversed many corridors, came out at the other end; and yet 

no trace of Physical Research Laboratory! But, it must be 

around, somewhere there! For some reason, which I do not 

remember now, everything was closed! So, I ventured in 

again! And in one, so to say, a side lane, on one exposed brick 

wall, near a big open door, there was a board saying 

PHYSICAL RESEARCH LABORATORY! For a while, I was 

overwhelmed! Is this where research could be done? A 

dilapidated hall! There was an impulse to retrace my footsteps 

and go back home! But, then what would father say? I 

swallowed and entered the door. Nothing, nobody in the 

corridor! On the left, a big hall and there a surprise of my life!  

Amongst a big heap of some pamphlets, sat a shabby figure, 

naked but for a lungi! Could be a peon, I thought! But the 

eyeglasses looked expensive! Before I could open my mouth, 

the figure looked up and said, “Are you Kane?” I was amazed. 

I said, “Yes, but how did you know?” He said, “Oh, 

Vikrambhai told me you were coming. Anyway, my name is 

Chhatrapati Joshi. Come and help me in sorting this material!” 

I said, “Would be glad to do so. But, what are all these heaps?” 

Of course, there was a story behind it! When Vikrambhai was 

at Cambridge, Prof. Fowler died (Who was he anyway? He 

was a well-known Astrophysicist!). And his widow auctioned 

many things. Vikrambhai bought those reprints one penny 

each (12 pence = 1 shilling, and 20 shilling = a Pound 

Sterling), and brought them to Ahmedabad! And now, we were 

supposed to sort them out, subject-wise, to be bound later in 

volumes!  
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What a beginning! For days together, there was only one 

activity! Chhatrapati Joshi, myself, P.D. Bhavsar, and 

U.D. Desai were all at it, at least to start with! In due course, 

others found good excuses to do “other” things! Joshi stuck to 

it intermittently, and I was “encouraged” to continue! I seemed 

to have a good grasp of a variety of topics involved! Frankly, 

some titles were absolutely strange to me! Nevertheless, in a 

few months, the sorting was over. Vikrambhai, whom I met on 

the first day afternoon, often gave me admiring looks and 

prowled into the reprints and commented, “Wasn’t this a 

wonderful purchase?” I did not say NO, but did not feel like 

saying yes either! Vikrambhai probably misinterpreted it as 

my shyness; but that misconception hardly lasted about a 

fortnight. Kane started speaking, soon after, and never 

stopped, ever!  

Chhatrapati Joshi was a kindly soul, extremely amiable and 

friendly. An M.Sc. in Electronics from Allahabad, he was 

picked up by Vikrambhai as an employee – I do not know 

when and how! For me, the day of arrival at Ahmedabad was 

t=0, the event! But soon, I could gather through Joshi the pre-

history (that is, the “minus t” period!), which was something 

as follows.    

Vikrambhai studied at Cambridge, but wanted to conduct 

cosmic ray experiments in India. In summer, his family (rich, 

of course!) used to go to Kashmir and Vikrambhai used to take 

along his cosmic ray recording apparatus for measurements at 

Gulmurg (altitude 10,000 feet and up) of cosmic ray electron 

showers. This work was useful for his Ph.D. thesis. But, 

during these measurements, Vikrambhai noticed that the 

cosmic ray intensity changed with time of the day; and over 

weeks. The embryo of Cosmic Ray Time Variations was thus 

sown in his mind in mid-1940s. In the next few years, his 

efforts were concentrated in preparing Geiger counters for 

cosmic ray measurements, at the Indian Institute of Science, 

Bangalore (where he met Mrinalini), and later at the 

Meteorological Office in Poona (where he met                            

Dr. K.R. Ramanathan!). By that time, Joshi came into the 

picture and he told us vividly how the whole set up was 

submerged in water, when the basement was flooded during a 

spell of heavy rain in Poona (probably in 1946 or 1947). Soon 

after, they shifted to Ahmedabad - first in Shahibaugh 

(Vikrambhai’s parental place) and later in M.G. Science 

Institute. How Vikrambhai managed to get into M.G., I do not 

know! But I suspect that he talked to K.G. Naik (famous 

chemist, and Principal, M.G., at that time) into it. K.G. Naik 

was an extremely blunt type and used to make fun of us 

(physicists) and me (principally me!) since I used to argue 

with him vehemently (defending quantum mechanics) during 

1948–49. In retrospect, however, I could see that it was a futile 

effort. He did not really mean it; but enjoyed teasing us. And 

he succeeded - the young fools that we were!    

In 1945 and 1949, the main activities were two-fold. Firstly, 

Vikrambhai wanted to build a cosmic ray telescope. The term 

sounds astronomical, but there was nothing similar. With 

Geiger counters located one above the other, an electronic 

arrangement was evolved which ensured that a pulse will be 

recorded only when a cosmic ray particle traversed all the 

counters. Thus, if these counters were piled one above the 

other, only those particles arriving vertically (within a certain 

solid angle) could be recorded. This gave a directional choice 

for recording such events. Hence the name telescope! The 

solid angle could be made very narrow by larger separations 

between the counters. However, the intensity of natural 

cosmic rays (per cm2 per sec) is rather small and is 

uncontrollable. Hence, the only way to count larger numbers 

(for better statistics) was to increase the “area” of the telescope 

(i.e. aperture) by using more counters. Hence the main effort 

was to produce many GM counters (by filling ether and argon 

in cylindrical glass tubes, having a central wire as one 

electrode and a cylindrical copper sheet as another electrode), 

and also to build the required electronic circuits. Not being an 

electronics man, I could not contribute much to the electronic 

efforts. In the initial stages, Chhatrapati Joshi was in charge of 

the same. However, he left us soon, to join (out of all places) 

Police Wireless in Uttar Pradesh! So, the lot fell to 

P.D. Bhavsar and U.D. Desai. To poor me was allotted the 

miserable task of preparing the counters, a frustrating effort in 

view of the frequent breakages and vacuum failures! But, 

come to think of it, even for the royally miserable scholarship 

of Rs. 50 per month (Yes Sir, Rs. 50 increased to Rs. 70 after 

two months, but remained so for two years!), I found the work 

reasonably interesting. I (first) and Bh. V. Raman Murty were 

the only two students (regular) PRL had for almost two years! 

Bhavsar and Desai were voluntary workers, employed as 

demonstrators in M.G. Science Institute and Gujarat College, 

respectively, and working in PRL – for nothing! One would be 

tempted to say that Vikrambhai was lucky, but then remember, 

he himself was spending money, to sustain PRL at least 

initially. Later, Karmakshetra Education Foundation (KEF), 

Ahmedabad Education Society (AES), CSIR and AEC 

contributed; and later DAE and DOS stepped in and took it 

over completely.  

Secondly, Vikrambhai had managed to get (from somewhere) 

a few nuclear emulsion plates exposed to cosmic rays at 

different altitudes. One had to count the various nuclear tracks 

under a microscope. This work was mainly conducted by         

B.A. Desai and V.L. Bhatt – again both voluntary workers in 

PRL and demonstrators in Gujarat College and M.G. Science 

Institute, respectively. Both finished their Master’s theses, and 

soon after B.A. Desai left to join Income-Tax Department!      

V.L. Bhatt continued for many years to come! 

By the end of 1940s, enough Geiger counters were ready to 

make a reasonably good telescope. I and U.D. Desai took it to 

Kodaikanal, a hill station in Tamil Nadu, and the first 

observations were recorded in 1951. Soon after, a similar 

telescope was operational at Ahmedabad too. The results did 

indicate a diurnal variation, of the order of ± 1 % during the 

course of the day, and changes of the order of 4–5 % during 

some special intervals. What we were recording were 

secondary cosmic rays. Primary cosmic rays (mostly protons) 

impinged on the top of the atmosphere, suffered collisions 

incessantly with the air molecules and what was measured at  
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ground level was about 80 % mu-mesons! Hence regular 

diurnal variations of atmospheric temperature and pressure 

were causing similar changes in cosmic ray intensity too. For 

a while we (students) felt that this was the whole story and the 

changes we noticed were really telling us information about 

meteorology at high altitudes! However, it was the genius of 

Vikrambhai (who could see far beyond his nose!) that realised 

that the atmospheric effect was not the complete answer. In 

fact, he could see that the cosmic ray changes, even after 

correcting for reasonable atmospheric effects, left a 

considerable residue, which could be attributed to only to 

variations in the primary cosmic ray intensity. If true, this 

would have far-reaching implications for cosmic ray 

astronomy, which history proved to be true! In retrospect, it all 

seems so obvious! But in the early 1950s, this was a daring 

thing to say! Whether Vikrambhai was the first in world to say 

so is difficult to say. Probably several other groups elsewhere 

in the world were coming to the same conclusion. Our work 

culminated in the following publications: 

1) Daily variations of meson intensity and its possible solar origin, 

V. Sarabhai, U.D. Desai, R.P. Kane, Nature 171 (1953) 122 

2) Meteorological and extra-terrestrial causes of the daily 

variations of cosmic ray intensity, V. Sarabhai, U.D. Desai,  

R.P. Kane, Proc. Ind Acad. Sc 37A (1953) 287 

3) Interpretation of daily variation of meson intensity, 

Proceedings of the International Congress on Cosmic 

Radiation, Bagnѐres-de-Bigorree, France, July 1953 p. 33. 

In particular, the report Vikrambhai presented to the 

international community (paper 3) spoke volumes for his 

courage and conviction as regards the variations in the primary 

cosmic ray intensity. 

Naive little fools that we (students) were, for days to come we 

were cracking jokes at the name Bagnѐres-de-Bigorree, little 

realizing what an impact our professor had made on the 

international community. By 1952, I had finished my Ph.D. 

work based on the results at Kodaikanal. At about the same 

time, I could lay hands upon some cosmic ray data recorded 

in U.S.A., New Zealand and Greenland by the Carnegie 

Institute of Washington. I love numbers. Naturally, my eyes 

widened! During the next few months, I chewed these data 

thoroughly and showed it to Vikrambhai that the amplitude of 

the diurnal variation of cosmic ray meson intensity had a year-

to-year variation, parallel to the 11-year sunspot cycle. 

Stations geographically wide apart showed similar results, 

leaving no doubt that these were changes of external origin 

and hence with astrophysical implications. Vikrambhai almost 

hit the roof! He must have had many exciting moments in his 

life, but this one was certainly one of the most unforgettable 

ones. He wanted to communicate it immediately to Physical 

Review. I was having a cold sweat, but soon his spirit lifted 

up mine too. In seven days, the paper was ready including 

diagrams made by myself. Out went the paper: 

4) World-wide effects of continuous emission of cosmic rays 

from the Sun, V. Sarabhai and R.P. Kane, Physical Review 

90(1953)204. 

With the usual oscillation between the referee and the authors, 

the paper took one year to get published! Meanwhile 

Vikrambhai had been to U.K., and spoke about these results to 

somebody! A similar paper by Elliott and his group appeared 

in Nature, probably a month earlier than ours! One had to see 

the disappointment on Vikrambhai’s face to believe it. But, the 

international community was not unfair to him. To this day, 

our paper is still acknowledged as good as the first! However, 

it is good to remember that the conclusion was wrong! There 

is no continuous emission of high energy cosmic rays from the 

Sun! What we were observing was modulation of interstellar 

(galactic) cosmic rays by solar plasma! Soon followed another 

of our papers: 

5) Effects at Godhavan and lower latitudes of changes in energy 

and composition of solar cosmic rays, V. Sarabhai & R.P. 

Kane, Physical Review 91 (1953) 688. 

I am not trying to self-eulogise, but I am certain that these 

papers made a great impact on the relevant scientific 

community and increased tremendously the international 

prestige of Vikram Sarabhai and his group, and of course, his 

laboratory! Physical Research Laboratory was a name to 

reckon with and could not be scoffed at any more. In 1952, 

Professor Bhabha had visited PRL; and myself and 

Vikrambhai showed him our Kodaikanal results. The diurnal 

variation (24 hourly values) was very obvious to us, but 

Bhabha still would like to draw a horizontal line through those 

points! Such was the scepticism even in 1952. But by 1954, 

no more so, I think!  

By 1953 autumn, I left for Chicago (U.S.A.), on a Fulbright-

Smith Mundt scholarship. Back home, U.D. Desai had 

finished M.Sc. (by papers) and was preparing his Ph.D. thesis. 

Bhavsar had finished his M.Sc. thesis. So had B.A. Desai and 

V.L. Bhatt. The scientific programme was also getting 

modified. Besides vertical meson telescopes, plans were ready 

for inclined (meson) telescopes. Meanwhile a new 

development had occurred. Prof. J.A. Simpson of the Enrico 

Fermi Institute of the University of Chicago had developed a 

neutron pile. Here, neutrons were moderated and captured in 

paraffin and lead blocks to produce more neutron; and thus, 

secondary neutrons could be counted with BF3 counters. 

Thus, instead of the secondary mesons counted by the above 

mentioned conventional cosmic ray telescopes, one could now 

count the secondary neutrons! The disadvantage with so called 

Neutron Monitors was that they could not be used as 

directional telescopes. All that one could say was that they 

counted effects of primaries arriving from above! In contrast, 

meson telescopes axes could be pointed to any chosen 

direction and would count particles arriving only within a few 

degrees of that direction. The advantages of Neutron Monitors 

were that they could be made really big without much effort. 

So, the counting rates were large, giving adequate statistics in 

shorter intervals. The atmospheric effects, though large, were 

more reliably known and hence could be more reliably 

corrected. But, most important, the variations for secondary 

neutrons were naturally larger, by more than a factor of 2. For
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example, during geomagnetic storms, the cosmic ray intensity 

shows sudden depressions, known as the Forbush decrease, in 

honour of Dr. Forbush who organised the operation and 

studied the variations for the Carnegie Institution instruments, 

referred to earlier. For those instruments, the magnitude of 

Forbush decreases rarely exceeded 5 %. For similar storms, a 

neutron monitor would show decreases of about 10-15 % (in 

high latitudes).  

Incidentally, even though Dr. Forbush studied many aspects 

of the variations of cosmic ray intensity, as measured by the 

Carnegie Institution instruments, he did not study the year-to-

year variations of the amplitudes of the diurnal variations! 

Myself and Vikrambhai did and produced that well known 

paper (4). After getting his Ph.D., Dr. U.D. Desai went to work 

with Dr. Forbush. Dr. Desai once said that Dr. Forbush did 

feel sour about it but put up a gallant face! 

When I went to Prof. Simpson at Chicago, neutron monitors 

were already accepted as very useful instruments. 

Prof. Simpson himself was operating three, at Climax, 

Chicago and Sac Peak. I used these data and showed another 

aspect of the diurnal variation. The amplitude of the daily 

variation had a 27-day recurrence tendency! Prof. Simpson 

was pleasantly surprised, because somebody in his group had 

looked for such an effect and reported it to be absent. Well, 

that gave me my third and last paper in Physical Review, viz. 

6) Recurrence phenomenon in the 24-hour variation of cosmic ray 

intensity, R. P. Kane, Physical Review 98(1955)130. 

In 1954, I returned from U.S.A. Incidentally, by this time, PRL 

had shifted from M.G. Science Institute to its present building 

(the first one, three storied). I told Vikrambhai about this 

paper. He did not seem to be very happy to hear about it. Did 

he feel sad that I did not discover this too, with him? If so, 

what a pity! I would have loved too. He meant so much to me! 

Soon after, Prof. Nehar came to PRL as a visiting scientist. An 

expert in preparing neutron counters, he initiated this activity 

in PRL and soon neutron monitors were operative at 

Kodaikanal and Ahmedabad. Later, D. Venkatesan and     

Satya Prakash joined PRL. Sastry, who had joined long ago as 

a Technical Assistant, did his M.Sc. by papers and was now 

doing his Ph.D. Come IGY (1957-58) and PRL was ready to 

participate with meson telescopes and neutron monitors at 

Kodaikanal and Ahmedabad. Since equatorial and low latitude 

stations were very few, this Indian contribution to the IGY 

cosmic ray effort was considered substantial and highly valued 

in international scientific circles. PRL achieved a permanent 

position on the scientific world map and Vikram Sarabhai 

became an international name.  

In succeeding years, people came and people went; but the 

international reputation of PRL cosmic ray effort was not only 

maintained, but significantly enhanced. Dr. U.D. Desai left for 

Washington and later joined NASA. Dr. Bhavsar went to 

Minnesota, Dr. Venkatesan to Sweden, and Dr. Satya Prakash 

to California. Meanwhile, S.P. Duggal had joined and meson 

telescopes, both vertical and inclined, were installed at 

Trivandrum. With the arrival of Dr. Bibha Chowdhuri from 

TIFR, Bombay, a new chapter was opened with the 

installation of extensive air shower experiments at 

Kodaikanal. H.L. Razdan, U.R. Rao, N.W. Nerurkar, all 

started their careers at PRL, and so did E.V. Chitnis. These 

were the years when PRL was recognized as an important 

centre for permanent operation of meson telescopes and 

neutron monitors – not only at Ahmedabad, Kodaikanal and 

Trivandrum, but also far beyond Indian shores, when 

Dr. Nerurkar operated telescopes at La Paz, Bolivia! 

Ahluwalia and Dhanju later participated in this international 

project supported by the UN. Many of our people who went 

abroad, made important contributions during their stay there; 

and many on return contributed significantly to the continuing 

activity at PRL, added new dimensions like X-ray and gamma 

ray measurements with balloons and later with rockets and    

satellites. Space probes yielded very useful information about 

the electromagnetic state of the interplanetary space and the 

diurnal variations of cosmic ray intensity - by now a very well-

established fact - found ready explanations in the magnetic 

configuration of interplanetary plasma. PRL contributed 

significantly not only by providing crucial experimental 

details, but also through theoretical interpretations, e.g., that 

of the second harmonic by Subramanian and Sarabhai 

(Astrophysical Journal paper). An experimental set up was 

installed in Kolar Gold Mines for study of cosmic ray showers, 

and operated by Dr. Bibha Chowdhuri and Y.C. Saxena.  

The basic training received by several scientists at PRL came 

handy when Vikrambhai initiated the space programme.      

Drs. P.D. Bhavsar, U.R. Rao, and E.V. Chitnis have been the 

prominent contributors of PRL to the space programme of 

India. Dr Sastry and Dr Satya Prakash also had important 

contribution, with their base in PRL.   

It must be remembered that cosmic ray research in PRL did 

not evolve alone. In 1948, Dr. Ramanathan retired from India 

Meteorological Department, and was persuaded by 

Vikrambhai to join PRL. The two directed PRL alternately, 

and the influence of each on the other was considerable.  

Aeronomy research initiated by Dr. Ramanathan had a 

considerable import on cosmic ray research. So had the 

theoretical work of Dr. Bhatia, Dr. Vachaspati, and the work 

of Dr. S.P. Pandya, and several others in Nuclear Physics, as 

also Dr. Bhonsle and others in Radio-Astronomy. All the 

impacts were probably mutual. Amongst the earlier workers, 

the ones who are still continuing in cosmic rays or allied topics 

are Dr. U.D. Desai at NASA, and Dr. Venkatesan at Calgary 

(Canada). Dr. Shakti Duggal died prematurely while he was 

still at Bartol Research Foundation. E.V. Chitnis and U.R. Rao 

continued to contribute to India’s space programme, and        

Dr. Razdan continued his work at Srinagar. Dr. Bhavsar,        

Dr. Sastry, Dr. Satya Prakash, and myself switched over to 

Aeronomy. Dr. Nerurkar has joined the Electronics 

Commission. Dr. Bibha Chowdhuri retired. Dr. Subramanian 

continued in PRL. 

(We thank Dr. V.B. Kamble and Dr. Anil Bhardwaj (Director, PRL) for 

permitting IPA to publish this article in this special Physics News issue– 

Editors) 
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Dr. Bibha Chowdhuri:  Reminiscences 

 

In 1948, after my M.Sc., I had an offer to join D.M. Bose at 

Bose Institute Calcutta as a Research scholar. Well somehow, 

I decided to join TIFR. Dr. Bibha Chowdhuri joined TIFR in 

1949 in the same group a year later. While working under      

Dr. Bhabha, I had the benefit of discussions with                        

Dr. Chowdhuri. Prof. Bernard Peters, Dr. M.G.K. Menon,           

Dr. Sukumar Biswas. Dr. (Miss) Bibha Chowdhuri,                       

Dr. Appa Rao, and Dr. Gaurang Yodh joined TIFR about      

the same time and gave a big boost to its Cosmic Ray activity1. 

I joined TIFR in 1951. Dr. Bibha Chowdhuri was already 

working at OYC on Cosmic Rays. She had her earlier training 

in UK. My colleague A. Subramanian was her co-worker. 

Together they built Cloud Chamber for the Cosmic Ray 

Showers. Her laboratory was on the ground floor of OYC. My 

own interaction with her were our frequent Sea Lawn walks, 

mostly discussing Brahmo Samaj / Arya Samaj, Bengali 

literature and its impact in the Tamil Journals. I found the 

conversations very illuminating.  

I joined the Physical Research Laboratory in September 1963 

as a Graduate Student.  There were about 8 other students who 

joined with me in that year from different Universities. The 

PRL Faculty is responsible for giving the new entrants an 

orientation course involving advanced physics, mathematics, 

astronomy and atmospheric sciences.  The idea was to provide 

a kind of equalisation in the standards for the students coming 

from different Universities. I came in contact with Dr. Bibha 

Chowdhuri as one of the Senior Faculty Member charged with 

delivering lectures on Nuclear Physics and Cosmic Rays.  

 
1 Retrieved from email communication of Late Prof. Sreekantan 

with Dr. S.C. Roy and Rajinder Singh in 2018 

Dr. Bibha Chowdhuri was an extremely serious teacher who 

prepared lectures meticulously and delivered lucidly. She was 

very caring for all of us and spared no pains to clarify all our 

doubts. Further, she prepared her own questions at the end of 

lectures and gave it to us for solving as a part of a homework 

assignment. What was unique about these questions was that 

you have to use your own basic understanding of the subject, 

which, in turn, made you learn the fundamental principles with 

depth and clarity. Her way of teaching helped us very much 

on the aspects of problem solving, thinking originally and 

using your own understanding on the basic principles. In a 

way this prepared us for the more rigorous demands of a 

research activity that sought to bring to bear originality, out of 

box thinking and ability to apply principles and ideas from 

different subject themes among others. But what I remember 

most is her friendly disposition, even though she always 

looked serious like a stern school master. Although I was in 

PRL for nearly seven years doing my research on cosmic X-

rays under Prof. Vikram Sarabhai and Prof. P.D. Bhavsar and 

I often met her on different occasions, I did not have a 

sustained academic interaction with her in the subsequent 

years. However, teaching and mentoring by tutors like                                                    

Prof. Bibha Chowdhuri, considerably influenced my later life 

positively.  I remember her with gratitude and respect. 

In the1960s, some of us youngsters were part of the TIFR 

group, which was doing several Cosmic Ray experiments in 

KGF mines. While the more well-known was the neutrino 

experiment, there was also an Extensive Air Shower (EAS) 

experiment which had a surface EAS array and underground 

(UG) detectors at two depths. It was around the same time  that 

PRL also started a similar experiment. The group had two 

people, who interacted with us a lot including Dr. Yogesh 

Saxena, a junior academic like us. Their UG detectors were 

slightly smaller than ours and they also used the information 

from the TIFR EAS array in their analysis later. Their head 

was Dr. Bibha Chowdhuri, who was, I think, in her fifties. We 

were apprehensive in the early days of a senior person like her, 

but with time we grew accustomed to her. She came quite 

often to KGF, probably more than some of our own seniors 

and she worked very closely with her group. She always had 

a smile and was very nice to us and talked to us as equals. She 

used to discuss a lot about the experiment with us and we 

shared whatever we knew. Our discussions centered around 

mundane but necessary experimental details. The PRL group 

had rented a house which was quite near our experimental site 
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in Bullen Shaft. Dr. Vikram Sarabhai also visited their 

experiment once. It was actually Dr. Chowdhuri who told me 

not to hesitate to ask him for a ride; she said ‘you go and talk 

to Vikram’! and he welcomed me to accompany him in his car 

back to Bangalore. Without enough maturity, we could not 

appreciate Dr. Bibha Chowdhuri for the pioneer she was. We 

had heard that she had worked in England but we were (at least 

I was) ignorant of her achievements. She was also not the one 

to talk about herself. Thus, it was a missed opportunity for me 

not to have heard from her about discoveries, and not to have 

learnt from her deep knowledge of the subject. 

 

I met Dr. Bibha Chowdhuri only once, around 1983-84, when 

I was a CSIR Research Associate at the Indian Association for 

the Cultivation of Science (IACS), Kolkata. Prof. Debjani 

Ghosh of IACS introduced me to her. In appearance and look, 

she resembled a typical Brahmo lady of the early 20th century, 

erudite, gentle and refined. She told me that she visited the 

IACS library now and then to read research papers. She was 

retired by then from active employment.  I had the wondrous 

realization that age had not dimmed her quest for scientific 

knowledge. I joined the Physics Department of Bose Institute 

in 1987 as a Senior Lecturer. Bibha Chowdhuri’s name 

cropped up in occasional lectures and discussions but always 

in conjunction with that of Prof. D.M. Bose. It was as if she 

had no independent identity of her own. One also heard the 

oft-repeated statement that Bose and Chowdhuri “had missed 

the Nobel Prize by a whisker”.  

In the year 2000, I became a Fellow of the Indian Academy of 

Sciences, Bangalore. I received a congratulatory phone call 

from Dehradun with the caller introducing himself as Prof. 

Sasanka Chandra Bhattacharyya, the ex-Director of Bose 

Institute. I had joined Bose Institute after Prof. Bhattacharyya 

had left the institute. I knew from my senior colleagues that he 

was an outstanding organic chemist with brilliant scientific 

achievements. He was also universally respected for his 

uprightness and generosity of heart.  Prof. Bhattacharyya, on 

seeing my name and affiliation in the list of Fellows elected, 

wanted to talk to me. The phone call was the beginning of my 

long association with Prof. Bhattacharyya, which continued 

over the years till his death in 2013. Amongst the many topics 

of discussion over phone, a constant theme was that of Bibha 

Chowdhuri as a forgotten heroine of Indian science. Prof. 

Bhattacharyya first met her in Pune, when both of them were 

young, in a social gathering at a common acquaintance’s 

house.  She left an indelible impression on his mind and he 

kept himself informed about her progress in her research 

career.  

Bibha Chowdhuri had passed away by the time I came to know 

Prof. Bhattacharyya, who himself was then more than 80 years 

old. It almost became a mission in his retired life to resurrect 

Chowdhuri from obscurity and to ensure that she got due 

recognition from the Indian science community.  He wanted 

me to help him in realizing his goal. He gave me a photograph 

of young Bibha Chowdhuri and wanted me to preserve it       

for posterity. It is unfortunate that I could not help                 

Prof. Bhattacharyya much in his quest. It was like trying to 

solve a jigsaw puzzle with most of the pieces missing.         

Prof. Bhattacharyya visited Chowdhuri’s ancestral home in 

Calcutta to meet her brother and sisters who were still living. 

He came back dejected as he found them to be suffering from 

age-related problems and unable to remember much. All the 

Chowdhuri siblings were highly educated and held high 

positions in their working lives. All of them, however, were 

unmarried and so there were no descendants who could be 

depended upon to provide information. I introduced Prof. 

Bhattacharyya to Prof. Asim Kumar Ganguly of the Physics 

Department, Calcutta University, who was a research 

collaborator of Bibha Chowdhuri after she came back to 

Calcutta from the Physical Research Laboratory, Ahmedabad, 

and also to Prof. Nandini Raha of Bethune College and Prof. 

Jayanta K. Bhattacharjee, a physicist of repute. Raha knew 

Chowdhuri personally and had written an article on her both 

in the Bethune College magazine and later in a book on noted 

Bengali scientists. Bhattacharjee had written about 

Chowdhuri’s research in a Bengali daily. There were other 

such attempts to garner information about Bibha Chowdhuri 

and highlight her achievements but no substantial progress 

could be made. 

Prof. Bhattacharyya passed away in 2013, his dream still 

unfulfilled. I sometimes felt guilty about not doing more. A 

few years later, the Indian Science News Association held a 

two-day meeting on Women Scientists in India and I was 

invited to give a talk. I decided to speak on Bibha Chowdhuri 

as a mark of   homage to her memory as well as to that of    

Prof. S.C. Bhattacharyya. The talk was titled “Women 

Scientists in India: Dreams and challenges” but was mainly 

focused on Bibha Chowdhuri’s research contributions in a 

historical context. Many in the audience, including a number 

of reputed women scientists, confessed to me after my talk that 

this was the first time they were hearing the name of Bibha 

Chowdhuri and getting to know about her achievements. In 

the course of time, old dreams sometimes do get revived and 

fulfilled. With the publication of the book, ‘Jewel Unearthed: 

Bibha Chowdhuri’, by Dr. Rajinder Singh and Dr. Suprakash 

Chandra Roy,  Prof. Bhattacharyya’s dream came true though 

he was not alive to see the day. On the Authors’ invitation, I 

wrote a Foreword to the book in which I mentioned 

Prof. Bhattacharyya’s comment, made to me, that D.M. Bose 

should have offered the Directorship of Bose Institute to 

“Bibha di” instead of to him. I refrain from speculating on the 

possible reasons for why this did not happen.  It is a happy 

development that the TIFR, where Bibha Chowdhuri spent a 

part of her working life, has published an Indian edition of her 

biography. It is heartening to note that there is more awareness 

about her now amongst the scientists and the general public. I 

have read several blogs on her written by scientists as well as 

non-scientists. A crowning recognition has been in the naming 

of a star, 340 light years away, as “Bibha” (meaning light 

beam) in 2019 by the International Astronomical Union. From 

darkness to light, from invisibility to visibility, the rediscovery 

of Bibha Chowdhuri has truly been spectacular. 
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Abstract 

The discovery of cosmic rays and early research in the subject is briefly described. Indian contributions to cosmic ray research 

in the early days are highlighted, explaining the science issues addressed by pioneers like D.M. Bose, H.J. Bhabha,                    

V.A. Sarabhai, P.S. Gill and others. The intellectual ferment of the times and the competitiveness of fundamental research even 

in those times are brought out in anecdotal fashion. Scientific concepts are explained in simple language. 

 

 

Altitude Radiation  

Cosmic rays were discovered, more-or-less by accident, by 

Austrian physicist Viktor F. Hess in 1912. Hess had been 

appointed in 1910 as 'Assistant' — a junior scientist position 

— at the Institute for Radium Research in Vienna. Radiation 

in the atmosphere was a topic of great contemporary interest. 

Marconi, who had just been awarded the Nobel Prize in 1909, 

had been able to transmit radio signals beyond the range 

allowed by the curvature of the Earth and had guessed that the 

radio waves were somehow getting reflected back from the 

upper atmosphere. The theories of Heaviside and Kennelly 

suggested that the reflection was due to a layer of ionised gas 

in the 'stratosphere', as the entire upper atmosphere was 

loosely called at that time — it was named the ionosphere as 

late as 1969. Franz Linke, a German meteorologist, was the 

first to verify this ionisation, by carrying electroscopes into the 

upper atmosphere by balloon (1903). It was believed that 

radioactive emanations from radio-isotopes in the Earth's crust 

were responsible for the ionisation of the atmosphere. If so, 

the intensity of ionisation should decrease as one goes higher, 

more or less in the same way as atmospheric pressure 

decreases in Laplace's exponential decay law. A few 

observations by Swiss physicist Albert Gockel, in which 

electroscopes were flown in balloons (1909), had, however, 

detected no such decrease — but Gockel's results were error-

prone and not quite trustworthy. The Italian Domenico Pacini 

had submerged electroscopes in the water of deep lakes (1911) 

and found a significant decrease with depth, which was 

correctly interpreted to be due to the absorption of surface-

level radiation by the water. 

Hess, therefore, set for himself the task of precisely verifying 

the level of atmospheric ionisation as a function of increasing 

height above the Earth's surface. For this purpose, he used a 

rather delicate apparatus, in which an electroscope was placed 

in a chamber whose pressure was kept constant by a piston-

spring device, so that the result was not affected by changes in 

atmospheric pressure. This type of constant-pressure 

electroscope had been designed by Fr. Theodor Wulf in 1909, 

improving on the famous Elster-Geitel design. It contained a 

pair of charged plates with same-sign charges, whose mutual 

repulsion would bend a pair of quartz fibres. As the ionisation 

of the gas in the chamber increased, the plates discharged 

faster and the fibres straightened up faster. This could be 

observed and measured with a travelling microscope. 

 

Wulf electrometer 

With this rather primitive apparatus, Hess made a series of 

balloon flights and, despite having to breathe through an 

oxygen mask, obtained good quality data on the height profile 

of  atmospheric  ionisation.  What  he  found  was   that   after 
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decreasing initially, as had earlier been found by                      

Karl Bergwitz (1908), the ionisation level began to rise after 

about 1.4 km. Ultraviolet radiation from the Sun might seem 

to be the obvious cause, since all the balloon flights took place 

during the day, night flights being deemed too dangerous. 

Hess disproved that hypothesis by making a flight to a height 

of 5.3 km during the partial solar eclipse on April 7, 1912, 

when no diminution of the ionisation was found. He 

concluded, therefore, that the source must be "a radiation of 

very high penetrating power, impinging onto the atmosphere 

from above". In 1925, the great American experimentalist 

Millikan named this radiation 'cosmic rays'. Hess' discovery, 

for which he always used the unimaginative but precise term 

hôhenstrahlung (which translates as 'altitude radiation') was 

honoured with the Nobel Prize in 1936. 

 

Viktor F. Hess (1883–1964) [Photo: Wikimedia Commons] 

Balloon flights in the early twentieth century were dangerous. 

As late as 1934, cosmic ray scientists M. Schrenk and                

V. Masuch died of hypoxia when their balloon failed to 

descend before their oxygen supply ran out. Nevertheless, 

cosmic ray research was pursued enthusiastically by scientists 

intrigued by these strange visitors from unknown parts of the 

Universe. Hess was immediately followed at Berlin by Werner 

Kolhörster, who made a series of flights in 1914, verifying 

Hess' conclusions and carrying the data to a range as high as    

9 km. Though the First World War broke out immediately 

afterwards, the study of hôhenstrahlung was continued by 

Erich Regener, who had just got a position on the faculty of 

the Agricultural University of Berlin. Regener was able to 

design and construct a series of self-recording electroscopes, 

which could be sent up in unmanned balloon flights. Thus, he 

could collect a lot of data without endangering his assistants, 

and his careful work made Berlin the centre of cosmic ray 

research in the world. Thither, in 1914, came a young physicist 

from India, on a two-year travelling grant. His name was   

D.M. Bose, and it is with him that our story really starts.  

D.M. Bose at Berlin (1914‒1919) 

Debendra Mohan Bose, to give him his full name,                      

was a nephew as well as a student of the great                                 

Jagadish Chandra Bose, but his scientific interests had little or 

no overlap with those of his famous uncle.  In 1907, he had 

sailed to England to get a postgraduate degree from Christ 

College, Cambridge, where he was taught by leading lights 

like J.J. Thomson and C.T.R. Wilson. It was from Wilson, in 

particular, that Bose learned to build a cloud chamber, the 

device which enabled scientists to see, for the first time, the 

tracks of highly energetic charged particles. This won Wilson 

the Nobel Prize in 1927, and the acquired skill won for Bose 

an appointment as Lecturer in the City College, Calcutta, his 

home town, after he had acquired his degree from Cambridge 

in 1914. He was soon spotted by Sir Asutosh Mookerjee, the 

dynamic Indian Vice Chancellor of Calcutta University, who 

was then setting up postgraduate departments of science in the 

University. Sir Asutosh had been able to persuade his friend 

Sir Rashbehari Ghose, a wealthy barrister, to donate the 

princely sum of Rs. 21 lakh (the equivalent of about Rs. 250 

crores today) to set up these Departments. With this was set 

up the Sir Rashbehari Ghose Professorships, and it was to this 

prestigious position in Physics that the 29-year-old D.M. Bose 

received an offer. As may be expected, he promptly accepted 

it. 

 

D.M. Bose (1885–1975) [Photo: Wikipedia] 

The Ghose Professorship came with a rather lavish two-year 

travelling fellowship, under which the incumbent was obliged 

to travel abroad and spend the time at some leading laboratory, 

picking up skills which could then be disseminated in India. 

D.M. Bose chose to take this, not in England where he had 

done his graduation, but at the laboratory of Regener in Berlin. 

It was just two years since Hess had discovered cosmic rays, 

and Regener had just started making his measurements. It is a 

mark, therefore, of how up-to-date Bose was, even situated in 

a far-away British colony.  

Bose was able to contribute significantly to Regener's research 

programme, building a cloud chamber where he could study 

the tracks of particles produced by cosmic ray collisions. The 

cloud chamber was too bulky to be taken on a balloon, but it 

could be used for measurements on the ground. Soon Bose 

was able to detect the recoil of H nuclei — protons — after a 

cosmic ray interaction. This showed empirically (in a 

qualitative way) that the conservation of linear momentum 

holds even at the nuclear level. It was this principle which was 

later used by Compton (in a quantitative way) to predict the 

effect which bears his name. For his cloud chamber work, 

D.M. Bose was awarded a Ph.D. by the University of Berlin. 

But when the term of his fellowship expired in 1916, he found 

himself unable to go home. The First World War was raging, 

and Bose was a British subject in Germany, i.e., technically an 

enemy alien. The Germans, however, let him continue 

working at the laboratory, since Regener and the revered     

Max Planck (whose lectures Bose used to regularly attend), 

stood guarantors for the young Indian. It was to be 1919 before 

he could go home again.
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Back in Calcutta, Bose resumed his position as Ghose 

professor, and with his new student Subodh K. Ghosh, he 

quickly built a cloud chamber and began to study nuclear 

interactions with them. Their joint papers began to appear in 

Nature and the Philosophical Magazine. But it was to be 

another two decades before D.M. Bose returned to cosmic ray 

physics. It is a pity that he did not continue in the same field, 

for there was much to discover in this effectively virgin field 

during those days, and Bose certainly had the talent.  

The tentative twenties 

Robert Andrews Millikan (1868-1953) was already a famed 

physicist when he won the 1923 Nobel Prize in Physics. His 

innovative oil-drop experiment and his brilliant verification of 

Einstein's photoelectric equation, are, even today, textbook 

material. Following these successes, in the early 1920s, this 

American heavyweight entered the field of cosmic ray 

research with all the delicacy and sensitivity of a steamroller. 

With his student Ira Sprague Bowen, the resourceful Millikan 

was able to invent a lightweight electrometer and an ion 

chamber which could be sent up in unmanned balloon flights, 

communicating data to the ground using wireless technology 

developed during the Great War. This was clever, for the 

Europeans were still risking their lives making manned flights. 

Moving to Texas to make these measurements, Millikan and 

Bowen found much lower levels of ionisation than Hess and 

Kolhörster had found, and, blissfully unaware of the strong 

latitude effect in cosmic rays, they promptly concluded (1925) 

that 'the whole of the penetrating radiation is of local origin' 

i.e., they come from terrestrial radioactivity.   

 

R.A. Millikan (1868–1963) [Photo: Wikipedia] 

Further measurements made with G. Harvey Cameron, in 

Muir Lake, 24 degrees of latitude farther north in Canada, 

however, led to a 180-degree turn in the Nobel Laureate's 

opinion. In 1926, they were reporting "... all this constitutes 

pretty unambiguous evidence that the high altitude rays do not 

originate in our atmosphere, ...and justifies the designation 

'cosmic rays'." Millikan's wholly erroneous idea that the 

cosmic radiation consisted of 𝛾 photons formed when protons 

and electrons combined to form elemental 4He in space led 

him to coin the hugely evocative phrase that cosmic rays are 

'the birth cries of atoms' which form the galaxy. It 

immediately caught the imagination of the American Press, 

who lacking a hero to follow Lindbergh's 1919 aviation feat, 

promptly began to lionise their homegrown Laureate for his 

'American discovery' — and Millikan happily basked in all 

their admiration. During this publicity blitz, however, 

nowhere did Millikan or his collaborators even mention the 

prior work of Linke, Gockel, Hess, Pacini or Kolhörster, 

leading to a furious reaction from the European scientists. In 

truth, Millikan had essentially reproduced all their results, and 

so his only original contribution to the field of cosmic rays is 

the name.   

Millikan's idea of a cosmic gamma ray flux had always been 

regarded with scepticism by his fellow American Nobel 

Laureate, Arthur Holly Compton, but it was a Dutchman, 

Jacob Clay, who discovered the 'latitude effect' (1927) which 

proves that the cosmic rays are not photons but charged 

particles deflected by the Earth's magnetic field. This soon 

received ample confirmation from experiments carried out by 

Kolhörster and Walter Bothe, by Bruno Rossi and by Compton 

himself, with his young student Luis Alvarez. Though 

Millikan refused to be convinced by this evidence, everyone 

else accepted it. Finally, a 1932 article in TIME magazine 

gently hinted that, unbelievable as it may seem, the colossus 

of American science might actually have been mistaken.  

 

The latitude effect in cosmic-ray fluxes 

The first real revolution in experimental cosmic ray research 

came with the invention of the Geiger-Müller counter, or GM 

counter, in 1928. Now, instead of bulky and delicate 

electroscopes, there was a small and rugged instrument which 

could be easily sent up in balloons to count the number of 𝛾 

ray photons. The wireless technology introduced by Millikan 

had also caught on. Henceforth, it would not be required to 

make risky manual flights in the cause of research ― a huge 

relief which encouraged many to take it up seriously. 

Cosmic rays and antiparticles 

In a curious twist of Fate, the future of cosmic ray research 

would be determined by a student of the now-frustrated 

Millikan. His name was Carl D. Anderson, and his discovery 

of the positron in 1932 created a major sensation in the world 

of physics. Anderson's colleague, the Chinese student           

Zhao Zhongyao, had been set by Millikan to study cloud 

chamber tracks from the impact of Thallium-208 emanations 

on a lead plate. Zhao had actually seen positron tracks, but 

seems to have wrongly interpreted them as protons. Anderson 

performed a very similar experiment, but his source was 

cosmic rays. He found that the result of their collision with the 

lead  nuclei  in  the  plate  produced  tracks  of  a particle whose 
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𝑒/𝑚 ratio was equal in magnitude but opposite in sign to that 

of the electron. This could not be the proton, whose 𝑒/𝑚 ratio 

is about 1836 times smaller than the electron's, and so it must 

be the antiparticle of the electron.  

The name 'positron' was actually suggested by an editor of The 

Physical Review, where Anderson published his paper. Such a 

particle had been suggested on theoretical grounds by Dirac in 

1931, but this idea had been received with incredulity by 

leading scientists of the time. Now however, Heisenberg and 

Bohr and Pauli and Klein, all had to eat their words, for the 

positron was reality and their barbs against Dirac were 

unjustified. In fact, the undoubted existence of antiparticles 

roused Wolfgang Pauli out of his 'dogmatic slumber'. Within 

a year, he and his student Viktor Weisskopf had written down 

the first quantum field theory. The tentative theory of the 

electron field introduced in 1928 by Jordan and Wigner was 

now recast as the new quantum electrodynamics, or QED.  

Not everyone was convinced, however. Even today, second 

quantisation requires a considerable leap of imagination when 

it is first introduced to the student. In the 1930s, grey-bearded 

scientists shook their heads and declared it to be all 

meaningless metaphysics. Others puzzled over the awkward 

appearance of infinities in the quantum theory. It required the 

work of a remarkable Indian scientist to produce the 

convincing evidence.  

The Bhabha phenomenon (1931–1939) 

Like D.M. Bose, Homi Jehangir Bhabha (1909–1966) was 

born with a silver spoon in his mouth. Bhabha's father Jehangir 

was a flourishing lawyer and his paternal aunt Meherbai was 

married to Sir Dorabji Tata, the real founder of the fabulous 

Tata business empire. The bright young spark of this wealthy 

and cultured Parsee family was educated in Bombay and then 

sent off to Cambridge to complete the Engineering Tripos, 

after which he was to return and head the family's steelworks 

at Jamshedpur. The plan misfired, however, for the young 

Bhabha listened to lectures by Dirac and others, and became 

enamoured of physics. Obtaining grudging parental 

permission to shift to pure science, Bhabha soon became a 

protégé of Dirac, and an intimate of Pauli and Bohr and 

Sommerfeld. This was not for nothing, for the young Indian 

proved to be nothing short of brilliant. 

 

Homi J. Bhabha (1909–1966) [Photo: TIFR Archives] 

Inspired by his hero Dirac, Bhabha started thinking deeply 

about the electron and the new QED ideas. At the time, the 

issue of singularities plaguing the theory was occupying top 

scientists like Heisenberg, Bohr and Kramers, and leading 

others to flatly reject the whole theory. Bhabha's interests, 

however, were always more phenomenological. And so, in 

1936, Bhabha produced his most famous paper, published in 

the Philosophical Magazine, in which he took up the question 

of a positron scattering from an electron (or vice versa) in the 

process which is now called Bhabha scattering. 

 

Feynman diagrams for Bhabha scattering in QED 

In a QED process, a positron can radiate a virtual photon 

carrying away energy and momentum, and recoil in the 

process. The photon can then be absorbed by an electron, 

which recoils in turn. The recoiling electron and positron pair 

will appear to have scattered from each other with transfer of 

energy and momentum from one to the other, exactly as in a 

classical scattering process. Such a process would also occur 

between the electron and any other charged particle, such as a 

proton or an ion or a heavier nucleus and so it would not 

depend on the positron being the antiparticle of the electron. 

In the language of Feynman diagrams (which had not been 

invented then), this is a 'scattering diagram' or a '𝑡-channel 

process'. There is, however, another QED configuration which 

is possible only if the positron is the antiparticle of the electron 

— they can collide and annihilate to form a virtual photon 

which then decays into a new electron-positron pair. 

Obviously, this will not happen with a proton or an ion. In the 

language of Feynman diagrams, this is an 'annihilation 

diagram', or an '𝑠-channel process'. What Bhabha realised is 

that these two processes will undergo a quantum interference, 

as a result of which the forward-scattering would get favoured 

over the backward scattering, whereas in the absence of this 

interference both would have been the same. Since this 

difference had already been observed, Bhabha concluded that 

the interference did happen and the annihilation process was 

occurring; ergo the positron must be an antiparticle. 

 

Walter H. Heitler (1904–1981) [Photo: Wikipedia] 

This brilliant paper gained Bhabha instant fame, and 

henceforth he was treated on terms of equality  with  the  who's 
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who of contemporary physics. This work alone would have 

ensured him a lasting reputation. Amazingly, however, he 

followed it up with an even more insightful work. This time 

he had a collaborator — Walter Heinrich Heitler (1904–1981), 

who had already earned fame for setting up, with Fritz 

London, the quantum theory of the covalent bond. With Hans 

Bethe, Heitler had already calculated the mean free path an 

electron could have in the presence of a mix of oxygen and 

nitrogen nuclei (air!), using the QED methods. They had 

obtained a path length of around 2 km. This caused a 

sensation. It was known that cosmic ray electrons could be 

seen a-plenty at ground level, after passing through some 10-

12 km of atmosphere. If the Bethe-Heitler theory was to be 

true, there would be an attrition factor of around 150, but in 

fact, there was not much difference between the electron flux 

at sea level and at the top of the atmosphere. Most 

contemporary scientists simply shrugged off this discrepancy, 

for they felt that the Bethe-Heitler calculation, using 

something so obviously flawed as QED, must be simply 

wrong. 

Not so Bhabha. Once again, he displayed amazing 

perspicacity when he realised that the high energy cosmic ray 

particles hitting the upper atmosphere were knocking high 

energy particles out of nuclei, which in turn knocked other 

particles out of other nuclei. The whole process would create 

a shower of particles in the same way as a falling stone can 

create a whole avalanche of cascading snow. The electrons 

detected at sea level are actually created somewhere less that 

a kilometre high, and not at the top of the atmosphere. This 

was the famous Bhabha-Heitler theory of cascades (1936). 

These 'air showers' form the bedrock on which all cosmic ray 

studies are based. A year later — such was the disconnect in 

the scientific community in those days — the same ideas were 

published by C.F. Carlson and J. Robert Oppenheimer in 

America. But they had lost the priority.    

 

Schematic development of an air shower as per Bhabha-

Heitler theory. The black dots are the pre-existing nuclei in 

the air. Movement is downward. 

Homi Bhabha remained at Cambridge till 1939. During this 

time, he produced three more notable insights, which have 

become so commonplace today that their originator has been 

forgotten. The first was a note written in 1938 pointing out that 

if there was a spin-0 'mesotron' as envisaged in Yukawa's 

exchange model of the strong interactions (which today we 

call the pion), there must also be a spin-1 counterpart. This 

does exist, and is known as the 𝜌 particle, but it was not 

discovered till 1961. Bhabha was also intrigued by the 

discovery of the muon, which had been made by                      

Carl Anderson and his student Seth B. Neddermeyer in 1937. 

Oppenheimer and Serber had hastily identified this to be 

Yukawa's mesotron, but Bhabha, with his deeper 

understanding of mean free paths, quickly concluded that it 

could not be a strongly-interacting particle at all, but must be 

more like a heavy electron. We can find this statement — 

unattributed — in most textbooks.  

Where the muon is concerned, however, there is something 

even more well-known which was first pointed out by Bhabha. 

This is the fact that the muons, which have a decay lifetime of 

about 2.2 μs. cannot travel a distance much more than half a 

kilometre before decaying — unless their lifetimes are getting 

time-dilated because of high speeds. This is done as an 

undergraduate exercise today, but few remember the 

excitement caused by Bhabha's pointing it out, for here was a 

case of Einstein's relativity directly at work. 

Bhabha's idyll at Cambridge ended with the outbreak of the 

Second World War, when he was caught holidaying at home 

in Bombay, and could not return to England for fear of his ship 

being sunk by a German U-boat. This led to his joining the 

Indian Institute of Science at Bangalore, where his mentor, 

Nobel Laureate Sir C.V. Raman, encouraged him to set up a 

cosmic ray group.  

But Bhabha's was not the only effort in this area. There were 

other Indians in the field now.  

The return of D.M. Bose (1939–1945) 

We had left D.M. Bose doing nuclear physics in Calcutta in 

1919, and he continued to work diligently in the area for two 

decades, albeit without conspicuous success. In 1938, he had 

succeeded his famous uncle as Director of the Bose Institute, 

and he happened to have as graduate student a young woman 

of great dedication and enterprise. Her name was Biva 

Chowdhury.  

It was at this time that the Indian Science Congress annual 

meeting was held in Calcutta (1939). Among those who 

attended were Sir Geoffrey Ingram Taylor, Cambridge's 

leading expert on cosmic rays, and Walther Bothe, 

Kolhörster's former student, who was now a renowned expert 

in particle tracks and would go on to win the Nobel Prize 

himself. The cosmic ray session at the Congress, which Bose 

and his student attended, was very lively. During this, Bothe 

introduced a new idea with which he had lately become 

familiar, viz. the possibility of photographic plates as detectors 

to record the tracks of charged particles. This idea had been 

pioneered by Marietta Blau at the Radium Institute of Vienna 

(Viktor Hess' workplace), together with her doctoral student 

Hertha Wambacher, and it carried great promise. For a stack 

of  photographic  plates was far cheaper and more robust than 
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any electroscope or GM counter, and could simply be 

purchased in the market. It was the ideal experimenter's 

material, and D.M. Bose, who still retained his keen interest 

in cosmic rays, jumped at the idea. As soon as the Congress 

was over, he set himself, with Chowdhury, to try to detect 

Yukawa's mesotron in cosmic rays (the Japanese savant 

himself had suggested looking there) using Blau's 

photographic plate technique. There is no question that this 

duo was the first to re-purpose photographic plates for the 

study of cosmic rays rather than nuclear disintegrations. 

 

Marietta Blau (1894–1970) [Photo: Wikipedia] 

The Calcutta scientists had no access to balloons or high-

altitude flights. Instead, they went high up in the Darjeeling 

Himalayas to expose their plates to cosmic rays. They chose 

three stations, one at Tiger Hill near Darjeeling, one at 

Sandakphu, some 60 km away, and a third at Pharijong, about 

200 km away. Every week they would go on muleback to these 

high spots and place a fresh stack of plates made by Ilford & 

Co, bringing back the old ones to be developed and scanned 

for 'mesotron' tracks. It was a considerable feat for the times:  

Bose was already in his fifties and frail, and a young woman 

doing field work challenged all contemporary social mores.  

 

Stack of photographic plates as cosmic ray detector 

Bose and Chowdhury's efforts met with partial success, for 

they did see meson tracks in their plates, and were able to use 

the track characteristics to measure the mass of the particles 

they saw. In 1941, Nature published a paper by them in which 

a table of masses is presented. The mean mass in this table is 

(81.2 ± 21.3) MeV/𝑐2, which is consistent with the muon 

mass 105.7 MeV/𝑐2 but barely so with the pion mass           

139.6 MeV/𝑐2. In a subsequent paper in Nature (1942), they 

reported mass estimates of (110.8 ± 15.3) MeV/𝑐2,   

(171.7 ± 10.0) MeV/𝑐2 and  (159.9 ± 9.5.3) MeV/𝑐2, which 

covers the pion mass, but falls on the higher side. The authors 

explain that the higher values are due to the use of an r.m.s. 

value for the atomic numbers of scattering nuclei rather than a 

mean mass — a correction apparently suggested by Bhabha. 

However, it is almost certain that with their 'half-tone' plates 

(coated on one side with photographic emulsion), Bose and 

Chowdhury did not have the experimental resolution to 

distinguish pions, which leave much shorter tracks than 

muons, and had, in fact detected muons, which were already 

well known. Whether they could have seen pions if they had 

used 'full tone' plates (coated on both sides) is moot, since such 

plates were reserved strictly for war reconnaissance work. 

What was new is that they had proved that photographic plates 

could be used for cosmic ray studies. This set off the second 

cosmic ray revolution in the same way as the GM counter had 

done earlier. 

During the same period, the work of the Calcutta duo was 

being duplicated at Bristol in the UK, by Cecil F. Powell and 

his group. However, as they were confined to war-torn Britain, 

and flying was impossible because of the Blitz, they could 

only expose plates on the British hills, which are far lower than 

the Himalayas. After the War, however, not only did they get 

access to balloons and high-flying aircraft, but they were also 

able to get Ilford & Co to give them customised photographic 

plates, coated with a far higher density of emulsion. Using 

these, they quickly discovered the pion (1947). The 1950 

Nobel Prize went to Powell alone, whereas it should, by rights, 

have been shared between Blau, Bose and Powell. Rubbing 

salt in the wound, the Nobel Committee did not mention the 

pion specifically in Powell's citation, but instead said "for his 

development of the photographic method of studying nuclear 

processes and his discoveries regarding mesons made with 

this method." 

 

Biva Chowdhury (1913–1991) [Photo: Wikimedia Commons] 

D.M. Bose did not work on cosmic rays any further. Biva 

Chowdhury moved to Powell's laboratory and then completed 

her  Ph.D.  with  Patrick  Blackett  in  London.  There were no 

further milestones in her career, though she remained active 

till the 1980s. Almost forgotten for some decades, she has 

recently been resurrected as an icon of the recent 'Women in 

Science' movement. These posthumous crumbs of 

recognition, though welcome, form rather meagre 

compensation for what she was denied in her lifetime. 
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The TIFR group (1949–1960) 

We now return to Homi Bhabha, whom we last left in solitary 

splendour at Bangalore. Never at a loss for resourcefulness, 

Bhabha immediately started working on both theoretical and 

experimental aspects of cosmic ray physics, and soon built up 

his own team. He pioneered the launching of balloons in India 

and developed the so-called 'Bhabha counters' to record 

cosmic ray fluxes. Much of this work paralleled that being 

done by the Chicago team founded by Compton. At the same 

time, Bhabha continued to work on cosmic ray showers (with 

Chakravarty) and on relativistic wave equations (remotely 

with Corben, and locally with Harish Chandra). However, he 

felt hamstrung by the lack of resources in the Indian Institute 

of Science, and this led him to propose a new institute to his 

cousin, J.R.D. Tata, who was now the head of the Tata empire. 

The latter's support led to the foundation of the Tata Institute 

of Fundamental Research or TIFR. Bhabha was its founder 

Director, and remained so till his untimely death in 1966.  

It was here, at his new Institute in Bombay, that Bhabha 

managed to build up a truly stellar cosmic ray group. With him 

came his old team, which included Roy Daniel and                       

his own student B.V. Sreekantan. In S. Naranan and               

P.V. Ramanamurthy, they had two excellent colleagues. 

Bhabha quickly roped in H.J. Taylor, a former student of 

Rutherford, who was teaching at the Wilson College in 

Mumbai, and had also dabbled in photographic emulsion work 

during the war years. Soon they would be joined by            

M.G.K. 'Goku' Menon, fresh from his Ph.D. with Powell at 

Bristol, where he had discovered the anomalous 𝐾 → 2𝜋 and 

𝐾 → 3𝜋 decay modes, which would eventually lead to the 

discovery of parity violation by Lee and Yang (1956). 

Sukumar Biswas, who had jointly discovered the Lambda 

hyperon with Victor D. Hopper in Melbourne, came to join the 

group, as did Biva Chowdhury, back from London. Yash Pal 

and Devendra Lal were bright students who would go on to 

make international reputations. Alladi Ramakrishnan would 

briefly work with Bhabha on stochastic methods to model 

cosmic ray showers, which presaged the heavy Monte Carlo 

simulations carried out by particle physicists today. But the 

biggest catch of all was Bernard Peters, already a renowned 

scientist who had worked on the iconic Manhattan Project and 

who now joined TIFR in 1951. Born Bernhard Pietrowski, this 

brilliant man had fled Poland as a child to escape the Russians, 

then fled Germany as a young man to escape the Nazis (for he 

was of Jewish extraction), and now in middle age, had to flee 

America because of the McCarthyist persecution (for he was 

a communist by conviction). Bhabha offered him a safe refuge 

and an opportunity, and thus he came to India to lead the 

cosmic ray group in TIFR. 

In 1949, the Indian Prime Minister, Pandit Nehru, tasked 

Bhabha with developing an atomic energy programme for 

newly-independent India. Henceforth, this was to take up the 

bulk of his energies, and we may consider him all-but-lost to 

pure science. In a way, this was a pity, for the TIFR cosmic 

ray group punched way below its weight during the halcyon 

days of the 1950s, when cosmic rays were the chief laboratory 

for the discovery of new particles — one or two of which were 

being found every year. A lot of the research effort, led by 

Peters, was devoted to searching for exotic nuclides in cosmic 

rays, and some, like Be4
10 , Si14

32  and Al13
26  were actually found. 

After 1954, however, far higher fluxes could be obtained from 

nuclear reactors and the early accelerators, leading, for 

example, to the discovery of transuranics by Glenn T. Seaborg 

and his associates using the powerful Berkeley cyclotron. The 

exotic nuclide programme at TIFR was gradually abandoned 

after Peters departed for Europe in 1959 to join the Niels Bohr 

Institute at Copenhagen. This led to a refocussing of the TIFR 

cosmic ray efforts on experiments in the Kolar gold mines, and 

this proved to be more of a success story.   

Vikram Sarabhai and the PRL 

Cosmic rays, being charged particles, are deflected by the 

Earth's magnetic field, and show the famous 'latitude effect'. 

Measuring changes in the cosmic ray flux, therefore, provides 

a means of mapping the Earth's magnetic field at high altitudes 

where one cannot ascend with a compass needle. This               

was the aspect of cosmic rays which intrigued                     

Vikram Ambalal Sarabhai (1919–1971). This young scion of 

a wealthy Gujarati business family had chosen, like Bhabha, 

not to go into commercial pursuits, but to become a scientist. 

His father, Ambalal, who was to go on to found the iconic 

Sarabhai Chemicals, encouraged him. The youth was still 

finishing his Mathematical Tripos at Cambridge when the 

World War broke out.  

 

Vikram A. Sarabhai (1919–1971) [Photo: Wikimedia 

Commons] 

Returning to India (1940) as soon as his examinations were 

over, Sarabhai was promptly offered a research position at the 

IISc by C.V. Raman, who had a jeweller's eye for scientific 

brilliance. Surprisingly, the young and unknown Sarabhai did 

not hitch himself to Homi Bhabha, who was already there with 

the laurels of his Cambridge discoveries glittering on his brow. 

Instead, Sarabhai — all of 21 years old — chose to work on 

his own, producing 6 single author papers on the latitude effect 

in the 6 years of the War. When peace had returned, he went 

back   to   Cambridge   to   collect  his  long-overdue  graduate 

degree, and at the same time submitted his thesis and got his 

Ph.D. as well.  

Back in India again, Sarabhai decided to emulate Bhabha and 

found his own Institute. Some of the money came from his 

own family, and some more from wealthy relatives and 

friends. It certainly helps to be well connected! Only 28 at the 
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time, Sarabhai gave the job of Directorship of the new 

Physical Research Laboratory (PRL) to K.R. Ramanathan, an 

eminent meteorologist who had once been Raman's student. 

Not till 1965 did Sarabhai take up the Directorship himself. 

He was, of course, already head of the family firm Sarabhai 

Chemicals. Sarabhai worked very hard at the PRL, producing 

19 Ph.D. students. His protégés included U.R. Rao and               

K. Kasturirangan. Sarabhai's interests moved from the latitude 

effect to planetary magnetic fields, to the solar wind and solar 

physics, thence to satellite-based data — at which point he 

determined that India should have its own space programme. 

With full support from Homi Bhabha, this was founded at 

TIFR in 1962, and later became the Indian Space Research 

Organisation (ISRO), with Sarabhai as its first Chairman.  

When Homi Bhabha died in a plane crash in 1966, Sarabhai 

became Chairman of the Atomic Energy Commission as well. 

Heading four flourishing organisations simultaneously turned 

out to be too heavy a burden to bear, and the overworked 

scientist died suddenly in 1971, aged only 52. 

P.S. Gill and the Aligarh Group 

Piara Singh Gill (1911‒2002) came from the opposite end of 

the social spectrum, but lacked nothing in energy, resolve or 

intelligence. A farmer's son, from a remote village near 

Hoshiarpur in the Punjab, he would have to walk 5 km to 

attend school every day, and walk 5 km back. Leaving school 

in 1929, he was determined to go to the United States. 

However, he could only get a visa to Panama. Arriving there, 

penniless but full of hope, he drove a taxi for 10 months and 

saved up enough money to take ship for San Francisco. Here 

he could walk in without immigration formalities, for at that 

time no walls existed in the Land of Opportunity. It was, 

however, the aftermath of the Great Depression and jobs were 

not easy to come by. After various vicissitudes, by 1936, the 

brilliant Punjabi lad was doing his Ph.D. with Arthur Compton 

in Chicago. This doctoral work, showing that measurement of 

cosmic ray bursts could determine the spin of the yet-

undiscovered pion, was very well received.  

On the basis of his doctoral work, and with a recommendation 

from Compton, the young Gill could have easily walked into 

an academic job in the United States. But by then he was 

homesick for the plains of the Punjab, and so it was that he 

precipitately took ship for home in 1940. He soon found 

employment as a lecturer at the Forman Christian College in 

the stately city of Lahore, the jewel of the then-undivided 

Punjab. Here, Gill continued working on the 'directional 

distribution' of cosmic rays, which we would today call the 

zenith angle distribution. It was then that he would travel to 

Gulmarg, 2,650 m up in the mountains of Kashmir, to make 

cosmic ray measurements. He was still using counters. 

Towards the end of the War, however, when the Japanese were 

in full retreat and there were whole squadrons of British 

warplanes sitting idle at Indian air bases, Gill was able, with 

help from M.N. Saha, to persuade some of the bored pilots to 

take him up on high altitude flights where he could expose 

photographic plates to cosmic rays — for by then he had 

learned the new technology.  

In 1947 came the Partition of India and the horrific riots that 

accompanied it. Gill's autobiography relates how he would 

have liked to stay on in Lahore, but was literally ordered by 

Pandit Nehru to quit Lahore immediately and join Bhabha's 

TIFR in Bombay. This order saved his life, for his close 

associates who stayed back at Lahore were murdered in cold 

blood.  

 

Piara Singh Gill (1911–2002) [Photo: Wikipedia] 

However, Gill could not fit in at the TIFR, since he was too 

ebullient and too independent-minded to accept Homi 

Bhabha's leadership. Within a year he had resigned and moved 

back to the USA. By 1949, however, he was back in India,       

to the Aligarh Muslim University, whose iconic Vice 

Chancellor, Dr. Zakir Hussain (later to become President of 

India) lured him back to found a Department of Physics. Gill 

threw himself into his new role with gusto. It was then that he 

was able to set up at his favourite hill station, the Gulmarg 

Research Observatory (1951). It was the first permanent 

station of its kind in India, and it was inaugurated by none 

other than Arthur Compton, who expressly travelled to India 

for this purpose.  Interestingly, another similar station was 

established at Gulmarg by Sarabhai in 1955 and a third one by 

Bhabha in 1963. DAE eventually established a Nuclear 

Research Laboratory at Srinagar in 1974 to serve as a base 

research centre for the field station at Gulmarg.   

Like Sarabhai, Gill's interest in cosmic rays lay not so much 

in their elementary particle content but in their role as a 

measure of various properties of the Earth. Though he himself 

moved on to found the Central Scientific Instruments 

Organisation (CSIO) at Chandigarh in 1963, the research 

interests of the Aligarh cosmic ray group which he built up 

retains some of the same flavour.    

Deep in the Kolar mine (1948–1992) 

Some of the oldest rocks in the Earth's crust are to be found in 

the Deccan region, where the volcanic action which killed off 

the dinosaurs created vast convoluted lava fields, rich in 

minerals. Such a place is at Kolar, about  65 km  north-east  of 

Bangalore, where a British surveyor reported in 1804 that 

local people were panning gold dust out of the mud from 

ancient mining pits which lay abandoned in the region. It was 

not till 1880, however, that John Taylor and Sons, of London, 

leased the land from the Maharaja of Mysore and opened up 

the Kolar Gold Fields (KGF) for full commercial exploitation. 



Physics News 

Vol.51(1-2)  32 

The deepest of the five mines dug in the KGF was the 

Champion Reefs Mine, and it went down to a depth of 3.2 km, 

It is still the deepest mine outside of South Africa, but now, 

alas! disused and derelict. In 1948, however, it was still active, 

and it was there that Homi Bhabha sent the young Sreekantan 

down with a GM counter to measure the falling flux of comic 

ray muons as one penetrates below the Earth's surface. 

Sreekantan, who passed away only recently, has related how 

he and his colleagues Naranan and Ramanamurthy would 

build their equipment from surplus war equipment cheaply 

available in the flea market at Bombay, locally called (with 

cause!) the Chor Bazaar. The muon flux was found to 

disappear at depths of around 2 km.  

However, in 1954, the British mining companies were packing 

up, and the mines seemed destined for certain closure. This 

sent Sreekantan and his team back to Bombay, where they 

perforce joined the balloon experiments being led by         

Peters and Daniel. The mines did not die, however, but were 

taken over by the Government of India as a public sector 

operation (1956). Back, therefore, in 1960 came the TIFR 

scientists, to Kolar, but now with a new goal. 

The neutrino had been postulated by Pauli as early as 1930, 

but it was 1955 before Frederick Reines and Clyde Cowan 

discovered what we now call the electron neutrino by studying 

the flux from the Savannah River nuclear reactor. It was clear 

at the time that though neutrinos would be plentiful in cosmic 

rays, their detection would be well-nigh impossible, given that 

most neutrinos pass through the Earth far more easily than a 

hot knife through butter. By 1948, the continuous energy 

spectrum of electrons in muon decay indicated the presence of 

a muon neutrino, and this was actually observed in 1962. But 

well before that, in 1957, Moisey A. Markov, at Moscow, had 

pointed out that muon neutrinos would, at great depths in the 

Earth, trigger the occasional muon production through the 

inverse beta decay process 

𝜈𝜇 + 𝑝 → 𝜇+ + 𝑛 

and the final-state muon could be detected. These muon 

neutrinos, produced when primary cosmic rays (mostly 

protons from the Sun) strike the upper atmosphere, are called 

atmospheric neutrinos to distinguish them from the solar 

neutrinos, which are produced directly by nuclear fusion 

processes inside the Sun.   

The TIFR group quickly realised that the environment at 

depths greater than 2 km inside the Champion Reef mine was 

just the place to look for stray muons produced by an 

atmospheric neutrino hitting a proton in the miles of rock 

around the mine. Shielding the muon detector from above 

would ensure that this muon was not a stray cosmic ray muon 

but was genuinely produced by a neutrino interaction in the 

surrounding rocks. The experiment started in 1960, as a 

collaboration between TIFR (led by M.G.K. Menon), the 

University of Durham (led by Arnold Wolfendale) and Osaka 

University (led by Saburo Miyake). After five years of careful 

data taking, they published incontrovertible evidence for 

atmospheric neutrinos in the Physics Letters (1965). 

 

The KGF atmospheric neutrino experiment. Muons from the 

atmosphere are absorbed, but muons from νN scattering are 

seen. 

An interesting aside to this success story is the intense rivalry 

under which it happened. Reines, discoverer of the neutrino, 

had wished to search for atmospheric neutrinos using the ideal 

environment in the Kolar mines. He had approached TIFR for 

help, but when it turned out that the American wanted only 

logistic help and was not ready for a scientific collaboration, 

Bhabha turned him down, declaring that TIFR would go it 

alone. From that point, Reines became a formidable rival, 

choosing an equally deep gold mine in South Africa to carry 

out his own set of experiments. This also met with success and 

almost at the same time. But Reines missed the bus by just two 

weeks. His paper was received by the Physics Letters on 26th  

July, while the TIFR-Durham-Osaka paper had been received 

on 12th July. Bhabha could smile again.   

 

The atmospheric neutrino detector at the KGF [Photo: TIFR 

Archives] 
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In the 1970s, the Kolar experiments were repurposed                   

to look for proton decay, which had been first predicted by 

Jogesh C. Pati and Abdus Salam in 1974, followed by the 

more popular Grand Unified Theory of H. Georgi and            

S.L. Glashow. However, no proton decays were seen ― and 

none have been seen till date.  

Meanwhile the Kolar mines decayed, as the gold-bearing 

seams were gradually worked out, and it became clear that the 

cost of extracting gold out of ever-deepening layers would 

exceed the price at which it could be sold. Losing profitability, 

the mines were finally closed down in 2001. The experiments 

had already been stopped in 1992. The Champion Reefs mine 

is now reported to be full of water, as Nature slowly reclaims 

her own.  

Aftermath 

From the 1970s, as bigger and more powerful accelerators 

began to come into use, the focus of particle physics shifted 

away from cosmic rays to accelerator-based physics. This led 

to remarkable discoveries, including the quarks, the tau lepton 

and, most recently, the Higgs boson, thereby cementing the 

Standard Model of elementary particle physics. Giant 

colliders are still the most favoured instruments to search for 

new physics beyond the Standard Model, and Indian scientists 

are integrally participating in the equally giant international 

collaborations associated with these machines.   

During the last decades of the twentieth century, cosmic rays 

became a somewhat arcane topic, with attention shifting to the 

ultra-high energy end of the spectrum, which comes from 

extremely violent events in the Universe. The limelight was 

definitely stolen by atmospheric neutrinos, which were shown 

to undergo flavour oscillations, like the solar neutrinos, in 

1998. Each of these discoveries earned a Nobel Prize, but the 

experiments were carried out in Japan and Canada and 

elsewhere, not in India. As a footnote, a much-belated Nobel 

also went to Frederick Reines (1995), fully forty years after 

his pioneering discovery of the electron neutrino. 

In recent times, as accelerators have failed to find new physics, 

there has been a slow shift of interest back to cosmic rays. The 

vast IceCube Neutrino Observatory, which uses a cubic 

kilometre of the Antarctic ice cap, densely seeded with 

detectors, as the apparatus, has been in operation since 2010 

and is definitely the biggest telescope ever built. Sadly, none 

of the 53 participating institutions in IceCube is from India. In 

fact, the only cosmic ray efforts now on in India are the 

GRAPES-3 experiment at Ooty, and the HAGAR 𝛾-ray 

telescope at Ladakh, both being run by TIFR. Both look at 

specific astrophysical phenomena, which are interesting in 

their own right, but probably not of great significance for 

particle physics.   

Last, but not the least, there is the India-based Neutrino 

Observatory (INO) project, the true successor of the KGF 

experiment. Sadly, the project has been bogged down for 

about two decades in land acquisition issues. Not until these 

are resolved is there much chance of India regaining the strong 

position she once had in the field of cosmic ray physics. 
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Abstract 

A rough sketch of the story of the building up of the ‘periodic table’ of Standard Model is presented, starting with the discovery 

in 1897 of the first elementary particle, the ubiquitous electron, in a table-top experiment with a simple cathode ray tube and 

ending in 2012 with the discovery of the equally ubiquitous Higgs Boson, at the Large Hadron Collider (LHC), a machine with 

27 km circumference, with the help of detectors which were also equally gigantic. This journey of what lies at the heart of the 

matter has been driven by our increasing understanding of how the fundamental pieces are held together to make the whole. 

Hence, this saga is as much about the discovery of the elementary particles of the SM as that of arriving at an understanding 

of the fundamental interactions that exist among them! 

 

Changing ideas about elementarity  

The quest for understanding the fundamental constituents 

at the heart of all matter began with the ancient Greeks like 

Empedocles who proposed that everything was made of four 

elements: earth, air, fire and water. The Indian philosophers 

believed in the “Panchamahabhootas” (five materials), 

incorporating the element of space (“akaash” in Sanskrit). To 

be sure, these philosophical proposals were not as rooted in 

empirical study as we might like today. Rather, they illustrate 

the importance, to the thinkers of those times, of the quest to 

understand what lies at the heart of the matter, whether there 

are fundamental building blocks and if so, how they are 

assembled. These ancient goals have been important drivers 

of the development of chemical and physical sciences as we 

know them today. Newton famously set forth the importance 

of experimental verification before an idea could be 

established as truth. In his book Opticks, he set down the 

agenda for the study of fundamental physics thus: “Now the 

smallest Particles of matter may cohere by the strongest 

attractions and compose bigger particles of weaker 

virtue...There are therefore agents in nature able to make 

particles of Bodies stick together by very strong attractions 

and it is the Business of experimental Philosophy to find them 

out”. 

The scientific study of the atomic theory, as we know it today, 

began with Dalton in 1803, who began with the 

thermodynamic description of the three states of matter: solid, 

liquid and gas. Over the following two centuries, the objects 

of study passed from molecules to elements and their 

associated atoms, as proposed by Mendeleev in his periodic 

table in 1869. The journey investigating the structure of an 

atom truly began with the discovery of radioactivity by 

Becquerel in 1896, for which he received a Nobel prize in 

1903. In fact, the atomic weights being all approximately 

multiples of that of hydrogen had already indicated that the 

hydrogen atom might be the basic unit of all. 

After the discovery of the electron by J.J. Thomson in 1897 

and of the nucleus by Rutherford in 1911, nuclei and electrons 

replaced atoms as the candidate fundamental constituents of 

matter. In 1920, Rutherford discovered that the hydrogen 

nucleus can be produced in a nuclear reaction and suggested 

that it may be a basic unit and termed it as proton. 

Measurements of nuclear properties led to our current 

understanding that nuclei are composite, being made up of 

nucleons (neutrons and protons). Meanwhile, the study of 

disintegrating nuclei (radioactive decay) and of cosmic rays, 

led to the discovery of additional particles: neutrinos 

(electrically neutral and anomalously light), muons (similar to 

electrons but heavier), and a large collection of additional 

particles generically called mesons and baryons. Later, it was 

understood that the mesons and baryons (the latter including 

protons and neutrons) are in turn made of up of more 

fundamental objects called quarks. In particular, nucleons are 

made up on two types of quarks: the “up” (𝑢) quark and the 

“down” (𝑑) quark. The proton is a bound state of three quarks 

of the type 𝑢𝑢𝑑, whereas the neutron is 𝑢𝑑𝑑. Meanwhile, 

electrons, muons and neutrinos (collectively called “leptons”) 

remained on the list of “elementary” or “fundamental” 

particles. 
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Figure 1: Fundamental constituents through the ages. 

A doubling of the list of elementary particles was provided by 

the discovery that each particle has an associated “anti-

particle” with the same mass and spin, but the opposite sign of 

electric charge and/or other quantum numbers. Thus, to 

electrons are associated positrons, and to quarks, anti-quarks. 

Even a neutral but composite particle like the neutron has a 

distinct anti-particle, the anti-neutron. 

Electrons and quarks have, until today, stubbornly resisted any 

attempt to ascribe a sub-structure to them. For both of them, 

the current “direct” experimental upper limit on their size is 

~10–18 cm. Figure 1 depicts the changing concept of what was 

elementary through the last two centuries.   

Fermions and Bosons 

As we understand the situation today, the elementary “matter” 

particles are leptons and quarks. Electrons and neutrinos 

provide surprisingly good prototypes for all the leptons: the 

others are in some sense just heavier copies of these. Indeed, 

electrons and electron-neutrinos are said to be the “first-

generation” leptons, and there are two more generations that 

we will discuss as we go along. Remarkably, quarks follow 

the same pattern of repeating generations. The 𝑢 and 𝑑 quarks 

that make up nucleons form the first generation, and again 

there are precisely two more generations that are essentially 

heavier copies of these. The different species of leptons and of 

quarks are sometimes referred to as “flavours”. 

Elementary particles are characterised by very few intrinsic 

properties: their electric charge, mass and internal angular 

momentum (spin). All leptons and quarks have spin 
1

2
ℏ, the 

minimum allowed non-zero quantum of angular momentum. 

Leptons have electric charges −|𝑒| (for the electron), |𝑒| for 

the positron, the anti-particle of the electron, and 0 for the 

electron-neutrino. Subsequent generations have identical 

charge assignments. Quarks differ in that they have fractional 

electric charges (in units of the electron’s charge): 
2

3
|𝑒| for the 

𝑢 quark and −
1

3
|𝑒| for the 𝑑 quark, with the pattern again 

repeating for higher generations. 

A peculiar property of the quarks is that they occur not just in 

three generations (differing in mass) but within each 

generation, they occur in three copies (with identical masses), 

called “colours”. The reason for this multiplicity is now 

understood in terms of the structure of the strong interactions. 

Of course, it is not enough to know that quarks and leptons are 

the fundamental constituents. It is important to understand 

how they interact among themselves. We now know that there 

are just four fundamental interactions among these particles, 

which in turn are mediated by additional elementary particles. 

In this article, we talk only about three of these four: Strong 

interactions which hold the neutrons and protons (nucleons) in 

the nucleus and the quarks inside the nucleons, the 

electromagnetic interactions which bind electrons to nuclei to 

form atoms and the weak interactions which cause radioactive 

decays of nuclei or the decay of the µ or τ, for example. 

As per our current understanding, all the interactions are 

mediated by force carriers which themselves are elementary 

particles with integral spin 1 in units of ℏ. They are called 

gauge bosons. Interactions between electrically charged 

particles are mediated by photons. The force carriers that 

mediate the weak interactions are called 𝑊 and 𝑍 bosons, 

whereas those that mediate the strong interaction are “gluons”. 

These carriers interact not just with leptons and quarks but also 

with each other: for example, the electrically charged W-boson 

interacts with photons and with itself, but not with gluons. 

The Standard Model of particle physics encapsulates our 

current understanding of the fundamental constituents and the 

mathematical description of their interactions. It may seem 

from the above that the SM contains only spin-
1

2
 (matter) and 

spin-1 (force carrier) particles. The former obey Fermi-Dirac 

statistics and are called fermions, whereas the latter obey 

Bose-Einstein statistics and are called bosons. As it turns out, 

there is an additional boson in the SM, the spin-0 “Higgs 

boson”. Besides experiencing the weak interaction, it has 

special interactions with the fermions called “Yukawa 

couplings'”. These play a crucial role in providing mass to the 

fermions. To the extent that we think of interactions as forces 

either holding things together or causing things to decay, it 

still seems reasonable to classify the Higgs separately from the 

gauge bosons. 

Thus, the periodic table of the SM consists of the spin-
1

2
 matter 

particles: the quarks, the leptons and their anti-particles, the 

spin-1 gauge bosons: the photon, 𝑊 and 𝑍 bosons and gluons, 

and the spin-0 Higgs boson. Table 1 lists the fermions. We 

note here a curious property: the neutrinos labelled 𝜈𝑒 , 𝜈𝜇, 𝜈𝜏   

are the ones produced in association with electrons, muons and 

𝜏-leptons. However, they do not have definite masses. Instead, 

certain linear combinations of them called 𝜈1 , 𝜈2, 𝜈3 have 

definite masses.
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The quarks and leptons are grouped together in three doublets 

representing three generations, the members of the successive 

generations being heavier. The quarks also have an additional 

attribute called colour and those too are three in number. The 

grouping into doublets will turn out to be central to the way 

the weak interactions operate. Looking at the masses of these 

fermions, available at https://pdglive.lbl.gov/, we see a wide 

variation in their masses. In case of quarks, they vary from 

0.002 GeV for the 𝑢-quark to 173 GeV for the 𝑡-quark. If one 

looks at the masses of all the leptons and quarks, the range of 

variation is from ~10–9 GeV for the ν𝑖 to 173 GeV for the 𝑡, 

around 11 orders of magnitude!  

Table 1: Elementary fermions of the Standard Model, all of 

spin 
1

2
 .The antiparticles form a similar table. 

Quarks Leptons 

(
𝑢
𝑑
) (

𝑐
𝑠
) (

𝑡
𝑏
) 

× three colours 

(
νe

𝑒
) (

νμ

μ ) (
ντ

τ
) 

Mass eigen states 𝜈1, 𝜈2, 𝜈3 

The similarity between the properties of the 𝑒− and the μ− had 

led Rabi to wonder “who ordered the muon?” In many ways, 

such questions are still unanswered. However, the 

mathematical properties of the SM tell us that the number of 

quark and lepton generations should be exactly the same. This 

seems to be borne out in Nature. 

The particles that constitute the matter around us are just the 

up and down quarks and the electrons, along with the 

ubiquitous electron-neutrinos νe that are produced inside the 

sun in fusion nuclear reactions responsible for the generation 

of solar energy. These are all first-generation particles. The 

second-generation leptons are the muon and the muon-

neutrino, whereas the quarks are the “strange quark” 𝑠, which 

is relatively light (and often studied together with 𝑢 and 𝑑), 

and the heavier “charmed quark” 𝑐. The third generation of 

leptons are the 𝜏-lepton and its associated neutrino, as well as 

the “top quark” and “bottom quark”. The heavier quarks 𝑐, 𝑏, 𝑡 

and leptons μ, τ and their associated neutrinos are produced in 

the decays of nuclei or unstable particles or in high energy 

processes. 

Table 2: Elementary bosons of the Standard Model. For the 

available information on the properties of these particles as 

well as those in Table 1, see https://pdglive.lbl.gov/.  

Electromagnetic and 

weak (Spin 1) 

Strong 

(Spin 1) 

Higgs 

(Spin 0) 

γ (photon) 𝑔 (gluons) ℎ (Higgs) 

𝑊±, 𝑍 (weak bosons)   

Returning to interactions, the quarks interact with all the 

bosons shown in Table 2. The charged leptons interact with 

γ,𝑊±, 𝑍 and the neutral leptons interact only with 𝑊± and 𝑍. 

Those interactions mediated by the 𝑊± change the electric 

charge of the fermions. The Higgs ℎ interacts with all the 

fermions and the 𝑊/𝑍. The γ, 𝑔 are massless whereas the 

𝑊,𝑍, ℎ are all massive with masses ~𝒪 (100) GeV. 

The relationship between our increasing knowledge of how 

different constituents are put together at a given level of 

substructure, and the presence of structures at shorter distance 

scales, is extremely interesting. For this reason, while tracing 

the history of how our current understanding of the 

fundamental matter constituents came about to be, we must 

also follow how our understanding of fundamental 

interactions evolved. This intertwining of the two strands is 

perhaps the most interesting part of the story. 

How did we know what lies within? 

Historically, there are two main ways in which this joint 

development of understanding the constituents and 

interactions among them has proceeded. One is by looking at 

the systematics of the static properties of the system such as 

masses, spins, magnetic moments, life times, etc., whereas the 

second approach uses the scattering of a probe off a 

macroscopic body to get information about its structure. As 

we will see in the following discussions, some particles like 

the 𝜇−, 𝜏−  were discovered accidentally and these discoveries 

stimulated new theoretical developments, whereas for some 

others, the properties of new particles such as spin, 

electromagnetic charges, interactions and some times even 

masses were predicted precisely by the theoretical structures 

already put together and then these were sought and found 

with varying degrees of effort. Examples of these are the 

𝜋, 𝜈𝑒 , 𝜈𝜇 , 𝜈𝜏, the heavier quarks 𝑐, 𝑏, 𝑡 and the 𝑊±, 𝑍 as well as 

the Higgs boson. In the case of the lighter quarks 𝑢, 𝑑, 𝑠, their 

existence was inferred from a study of static properties of 

baryons and mesons and then they were ‘discovered’ in 

scattering experiments. It is this saga that we will try to follow 

in the next part of this article. The discussion may not always 

be chronological as the early period of this story was 

extremely eventful and many things happened simultaneously. 

The first leptons and the photon 

The electron was the first entry into this periodic table written 

down in 1897. Its discovery was somewhat accidental [1] but 

its properties turned out to match those of a particle previously 

proposed by G.H. Stoney in 1894 and named, by him, the 

electron.   

The possible existence of these units of electricity had been 

inferred from the observed patterns and systematics of 

electrolysis experiments by Faraday. Thomson, in his 

experiments, was able to establish the ‘corpuscular’ nature of 

the cathode rays by subjecting them to electric and magnetic 

fields. Further, he was also able to determine the ratio of the 

charge to mass (𝑒/𝑚) for these corpuscles and found it to be 

very different from that for a Hydrogen Ion indicating 

therefore that this was a new kind of particle. Thus, in some 

sense, Thomson had ‘split’ the atom. Lorenz then calculated 

the splitting of atomic spectral lines in the presence of a 

magnetic field. Measurements of this splitting by Zeeman 

matched with the predictions, using the value of 𝑒/𝑚 

measured by Thomson for an 𝑒− in the atom. Becquerel in 

1899 also confirmed that the β rays emitted by radioactive 

elements were indeed electrons. Thus, this completed the 

transition of an 𝑒− from a postulated particle to a physical 

reality.  This took five years.  As we will see later for particles 

https://pdglive.lbl.gov/
https://pdglive.lbl.gov/
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like the Higgs boson this period was substantially longer. It 

should be noted that Thomson's success where his 

counterparts on the Continent failed, was partially due to the 

much better level of vacuum in his vacuum tube. This is an 

example of the tight connection between advanced technology 

and discoveries in basic sciences, particularly in particle 

physics. This is similar to the experience of the Indian 

researchers who, unfortunately, missed a chance to discover 

the pion as mentioned elsewhere in this issue. 

The next fundamental particle to be “discovered”' was the 

photon, the quantum of radiation. The success of Einstein's 

theory of the photoelectric effect provided a proof of the 

existence of “particles of light” and the Compton effect 

demonstrated it conclusively. As is well-known, the quantum 

theory of radiation and the dual wave-particle nature of the 

light implied by it led to the development of quantum 

mechanics. The quantum mechanical description of an 

electron consistent with the special theory of relativity was 

provided by the Dirac equation, which in turn led to the 

prediction of an anti-particle [2], the positron. Anderson was 

awarded a Nobel prize in 1936, for the discovery of positrons 

in cosmic rays [3]. He shared the prize with Victor Hess who 

received it for pioneering cosmic-ray studies, about which 

much has been said in other articles in this issue. The positron 

is the first of the many elementary particles whose existence 

was predicted by a symmetry principle, the invariance in this 

case being that under CPT transformations, the combined 

operation of charge conjugation C, Parity P and time reversal 

T. We will meet many of such particles as we go along in this 

story. 

The discovery of the positron kicked off an era in which 

cosmic-ray experiments constituted the highest energy 

laboratory available to particle physicists. The second charged 

lepton in our periodic table, μ, appeared in these experiments, 

unannounced and unexpected [4]. Even though the existence 

of this particle, whose mass is intermediate between that of a 

proton and an electron, came as a surprise, the knowledge of 

its existence and study of its properties provided a major 

impetus to subsequent progress. Its lack of strong interactions 

with nuclei and relatively long lifetime of about 2.2 μs was 

one of the first instances where an interaction other than the 

electromagnetic and the strong nuclear interaction was evident 

in an environment not involving nuclear decay. For a while it 

was incorrectly identified with the force carrier postulated by 

H. Yukawa [5] but this, the pion, was discovered later in the 

same cosmic-ray experiments as discussed in some details 

elsewhere in this issue. The architect of some of India's 

premier research institutions as well as that of its atomic 

program, Homi J. Bhabha, played an important role in the 

story of μ. The third-generation lepton was discovered much 

later and we will pick up its story separately later. The story 

of the neutral leptons, the neutrinos, is better discussed along 

with that of the nucleus which we proceed to do next. 

The nucleus, neutron and neutrino 

Between the discovery of the electron in 1897 and that of the 

muon in 1937, some other constituents of matter announced 

their presence in scattering experiments. Like the muon, these 

too were unheralded and came as a surprise. The discovery of 

the nucleus [6] happened through the observation of large 

angle scattering of α particles [7]. 

The α rays from a radioactive source were scattered from a 

thin gold-foil and the detector was Zinc-sulphide and a 

telescope to observe scintillations produced when the 

scattered α particle struck it. This experiment reported 

“diffuse reflection” and showed that about 1 in 20,000 of the 

incoming particles were deflected through an average angle of 

90°. The thinness of the foil showed that the observed large-

angle scattering could not have been made up of a large 

number of small-angle scatterings. This result could be 

understood naturally if the positive charge in the atom was 

concentrated in a very small region and not spread over the 

entire atom as in the model of Thomson.  

This experiment and its interpretation shaped physics for the 

ensuing century. Almost all modern-day experiments hunting 

for elementary constituents of matter are a more elaborate 

version of the same beam, target and detector arrangement. 

The natural explanation provided by Rutherford [6] about the 

positive charge of the atom being concentrated in a small 

region called the Nucleus, is the first time that results of a 

scattering experiment were interpreted to infer something 

about the size of the scattering centres. As we shall see, 

essentially the same process has provided us ‘insights’ into the 

‘structure of matter’ beginning from the ‘discovery’ of a 

Nucleus in the atom to the discovery of ‘quarks’ in a proton. 

Patterns in nuclear charge and mass measurements and in the 

studies of X-ray spectra by Moseley, gave hints about the 

constituents of a nucleus. The suggestion that along with 

protons, a general nucleus contains electrically neutral 

particles with almost the same mass, the so-called neutron, 

came from Rutherford. The high energy of the `penetrating 

neutral' radiation observed by Chadwick [8] in the scattering 

reaction α+9𝐵𝑒 → 12𝐶 + 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛, could be understood 

only if the emitted radiation was interpreted as a neutral 

particle with almost the same mass as that of a proton. If the 

radiation was interpreted to be electromagnetic and hence a 

photon, then the observed high energy would have required 

the energy of the α radiation to 50 MeV, a clear impossibility. 

This then was the discovery of the neutron. Following this 

discovery, the suggestion of D. Iwanenko [9] that the nucleus 

is a composite object made up of neutrons and protons gained 

acceptance. 

Let us now return to the nuclear β decays, which played a 

pivotal role in future developments. These were found to have 

a continuous energy spectrum. The discovery of the dynamics 

and interactions at the nuclear level was aided by 

developments in quantum mechanics and special relativity, 

which helped explain, from first principles, various 

phenomena at the nuclear level such as α-decay and α-particle 

scattering from nuclei. But the continuous energy spectrum     

of the β decays made it difficult to understand it as a transition 
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between different energy levels of nuclei, whatever a nucleus 

may be. 

At this point, around 1932, a list of fundamental particles 

would have included the proton, neutron, electron and photon. 

A fifth particle was tentatively being considered for addition 

to the list: the neutrino. In his famous 1930 letter addressed to 

“Radioactive ladies and gentlemen”, Pauli said he was 

compelled to hypothesise a neutral particle of mass 

comparable to that of the electron, that was present emitted 

together with β-radiation. This would reconcile the spin 

measurements of stable nuclei with the spin-statistics relation 

(to which he referred as the “exchange theorem”) and also 

reconcile the continuous energy spectrum for β radiation, 

reported first by Chadwick, with energy-momentum 

conservation. 

Since energy-momentum conservation follows from an 

invariance principle (invariance under translations of time and 

space), Pauli's neutrino postulate can be thought of as the first 

example of an invariance principle predicting a new particle. 

This logic has been repeated and successfully used on the 

journey towards understanding the fundamental constituents 

of matter. It underlies the interplay between the understanding 

of the dynamics at a given level of structure and finding new, 

more fundamental, constituents/particles/interactions.  

The ν introduced here is the ν𝑒. In fact, lepton number 

conservation meant that the neutral particle emitted along with 

𝑒− in β decay was ν�̅�. Experimentally, the existence of ν𝑒 was 

demonstrated only in 1956, by showing that ν�̅� from reactors 

produces 𝑒+ in the inverse β decay reaction:                               

ν�̅� + 𝑝 → 𝑒+ + 𝑛. Here, 𝑒+ was detected via its annihilation 

with 𝑒− in the water target, through the production of a photon 

pair. 𝑛 was detected via γ emission in the process 

𝑛 + 108𝐶𝑑 → 109𝐶𝑑∗ → 109𝐶𝑑 + γ. The coincidence between 

the pair-produced photons and the delayed photon from the 

latter reaction completed this ‘direct’ experimental 

demonstration of the existence of ν𝑒 [10]. 

Light quarks and gluons 

First coming of quarks 

As discussed elsewhere in the issue, by 1947 it was clear that 

there existed two separate mesons: the heavier electron μ and 

strongly interacting π. Thus, half a century after the discovery 

of the first elementary particle, the 𝑒−, the list of elementary 

particles would have been 𝑒±, γ, 𝑝, 𝑛, �̅�, �̅�, π±, μ±and ν. The 

discovery of the neutron brought up a curious fact: both the 

proton and neutron have approximately the same mass (the 

current values are 𝑚𝑝 = 938.3 MeV and 𝑚𝑛= 939.5 MeV) and 

exactly the same spin, 
1

2
. Moreover their nuclear interactions 

are closely related. These facts led Heisenberg [11] to 

introduce the idea of “isotopic spin symmetry” (today known 

as “isospin”) and proposed that the proton and the neutron are 

like two states of a common object, the nucleon, differing only 

in the value of a quantum number, and therefore physics 

should be invariant under the exchange of protons and 

neutrons. This is completely analogous to the two states of 

spin 
1

2
 electron forming a doublet and having the same energy 

in the absence of a special direction such as a magnetic field. 

It became clear later that the rotation in this ‘isospin’-space is 

symmetry only of strong interactions and that too an 

approximate one. In the language of group theory, this was a 

global, 𝑆𝑈(2) symmetry of the strong interaction. An 

extension of the same further led to the Eightfold Way which 

was the next big step in this journey. 

Post 1947, the high energy cosmic-ray experiments as well as 

with the man made accelerators, capable of accelerating 

particles from few hundred MeV to ∼3 GeV at the 

‘Cosmotron’ at the Brookhaven National Laboratory, kept on 

reporting on the evidence of more and more unstable particles, 

including charged ones, that decayed into each other and into 

protons/neutrons or mesons [12]. These were dubbed “strange 

particles” as the strengths of interaction responsible for their 

production and decay were different. Further, this was an 

example of a weak decay which does not involve ν’s. These 

strange particles contained the baryons with spins 
1

2
,
3

2
 and 

masses similar to that of the $p/n$ like the Λ, Σ, etc., as well as 

mesons with integral spins 0,1 with masses intermediate 

between the leptons and baryons, like the 𝐾±, 𝜌, etc., but 

which were heavier than the π±, π0. The different strange 

particles were often created in ‘association’ with each other. It 

was clear that all of these cannot be fundamental. Detailed 

measurements of the properties, such as spins, masses and 

lifetimes, of the members of this ‘forest’ of particles, revealed 

the existence of an additional property (quantum number) 

called Strangeness, 𝑆, which is conserved by strong 

interactions but not by the weak interactions. Experiments 

with pion beams of few hundred MeVs revealed the existence 

of non-strange, spin 
3

2
 baryons. The concepts of Baryon 

number and Lepton number conservation played a big role in 

arriving at an understanding of these differing symmetries and 

hence differing conservation laws of the strong and weak 

interactions. 

Gell-Mann and Nishijima observed that all the observed 

particles seemed to group themselves (with similar masses and 

same spin) into isospin multiplets for a given 𝑆, with the 

ordinary particles like 𝑝, 𝑛, π carrying 𝑆 = 0. Taking 

inspiration from the Fermi-Yang model [13], Sakata [14] 

proposed that all the particles were made up of bound states of 

𝑝, 𝑛, Λ and their antiparticles, the three forming a triplet, the 

fundamental representation of the global symmetry group 

𝑆𝑈(3), extending the isospin-symmetry to this higher global 

symmetry. While the organisation of hadrons in the isospin 

multiplets of a given 𝑆 matched with the representations of 

𝑆𝑈(3), clearly there was no motivation for considering 𝑝, 𝑛, Λ 

to be any more fundamental than Σ, Ξ, etc.  

Taking a cue from Sakata model, Gell-Mann and Ne’eman 

independently proposed a symmetry of the strong interactions 

based on the 𝑆𝑈(3) group, just like the isospin group, 𝑆𝑈(2). 

This extension of isospin had two  complementary  facets:  the 



Physics News 

39  Vol.51(1-2) 

possible grouping of existing hadrons into multiplets of 

𝑆𝑈(3), and the question of whether there were underlying 

constituents forming a triplet of 𝑆𝑈(3), the fundamental 

representation out of which all others could be built. The 

success of the former would be a strong evidence for the latter, 

but not necessarily be a proof for it. Indeed, the observed 

baryon and mesons seemed to group themselves neatly into 

𝑆𝑈(3) octets, the degeneracy in masses being less true with 

the increasing values of 𝑆. Clearly the 𝑆𝑈(3) symmetry was 

far from perfect and was broken, but as noticed by Gell-Mann 

the breaking also followed a pattern and there was a method 

in the madness. In fact, based on the Gell-Mann-Okubo mass 

formula, one could predict the masses of the missing members 

of a multiplet. Among the members of the decuplet containing 

10 members, the 𝑆 = −3, Ω was one such missing member 

and was discovered with the predicted mass at BNL [15]. 

Gell-Mann and Zweig independently put forward a 

‘Schematic Model of Baryons and Mesons’ [16]. In this 

model, the fundamental objects were postulated to be an 

𝑆𝑈(3) triplet (𝑢, 𝑑, 𝑠) of new spin-
1

2
 particles called quarks. 

These included an 𝐼 = 1/2 doublet (𝑢, 𝑑) called “up” and 

“down” quarks, and an isospin singlet quark 𝑠 with 𝑆 = −1 

called the “strange quark”. The anti-quarks also formed a 

triplet transforming in the complex-conjugate 3̅ representation 

of 𝑆𝑈(3). Since three of these made up a baryon with baryon 

number 1, these quarks were forced to have baryon number 
1

3
 

and the fractional electromagnetic charges. The fact that Δ++ 

was a spin-
3

2
 fermion, made up of three identical fermions, 

spurred the postulation of an additional attribute called colour 

that the quarks were required to possess [17]. Thus, the lighter 

quarks 𝑢, 𝑑, 𝑠 with the quantum numbers presented in Table 1 

made their entry into the periodic table. We see, in the above 

story, the role played in this discovery, by the increasing 

theoretical understanding of the patterns in particle properties 

in terms of the symmetries of the interactions. 

Second coming of quarks 

However, the quantum numbers required for these quarks 

were bizarre enough that even their inventor said in his paper 

[16], “A search for stable quarks of charge −
1

3
 or +

2

3
 ... at the 

highest energy accelerators would help to reassure us of the 

non-existence of real quarks.” This readiness of acceptance of 

quarks only as only ‘mathematical entities’ inspired by 

considerations of the symmetries of interaction, was very 

reminiscent of the reaction of the early chemists to the concept 

of atom used in the ideal theory of gases. The appearance of 

quarks in scattering experiments put paid to these doubts. Let 

us follow this transition of quarks from ‘mathematical entities’ 

to ‘physical objects’ next. 

Once  high-energy  beams  of  electrons  became  available,  it 

became possible to scatter electrons off proton and neutron 

targets. Indeed, such experiments performed by Hofstadter 

first established a finite size for the nucleus and then for the 

proton and neutron. Hofstadter probed the structure of the 

proton using electrons with energies ~250 MeV. These high 

energy electrons were incident on a target and the scattered 

electrons were detected by a detector a few meters in size, for 

a few fixed values of the scattering angles. The 

electromagnetic interactions between two point-like, charged 

fermions were theoretically well understood by this time in the 

framework of Quantum Electrodynamics (QED) and one 

could calculate the expected angular distribution of the 

scattered electron. It was shown that for a finite size of one of 

the two fermions, the prediction will be multiplied by the 

square of the form factor, 𝐹(𝑄2), where 𝑄2 = |𝑝𝑒⃗⃗⃗⃗ − 𝑝𝑒
′⃗⃗⃗⃗ |

2
 is 

the square of the change in the electron momentum, the form 

factor being the Fourier transform of the charge distribution in 

the proton. When 𝑄2 became comparable to 1/< 𝑅2 > , 𝑅 

being the average radius of the proton, the large angle 

scattering was found to be smaller when compared to the 

theoretical prediction, proving that the proton was not point-

like after all. After this experiment, there was a clear 

motivation to explore the proton with electron beams of still 

higher energy, as the ideas of substructure of a proton were 

very much around. 

Experiments with electron beams with energies up to 21 GeV, 

at the two-mile-long Stanford Linear Accelerator Centre 

(SLAC) built in 1961, provided a dramatic new result. While 

the cross-section for the elastic process: 𝑒− + 𝑝 → 𝑒− + 𝑝 

studied by Hofstadter fell off very sharply with the increasing 

values of 𝑄2, as was expected from the measurements of 

𝐹(𝑄2) made earlier, the cross-section for the inelastic process: 

𝑒− + 𝑝 → 𝑒− + 𝑋 where 𝑋 = 𝜋, 𝐾, 𝑝, �̅� … and one sums over 

all X (the so-called inclusive cross-section) was large and 

remained large for increasing values of 𝑄2.  

Energy and three momentum conservation can be used to 

show that for elastic scattering, for a given electron energy, 𝐸𝑒 

and scattering angle θ, the scattered electron can have only a 

fixed energy 𝐸0. However, this is not true for inelastic 

scattering; this cross-section then depends on two independent 

variables, the energy of the scattered electron 𝐸𝑒
′  and the 

scattering angle θ. The scattering cross-section for these 

inelastic processes was large and depended on 𝑄2 only 

through dimensionless ratios, a property called “scaling” [18]. 

This indicated that there were hard scattering centers inside 

the proton which were point-like. At still high values of 𝐸𝑒, 

the scattered electron again tended to have a unique energy 

value 𝐸0
′  — the cross-sections peaked at this value. However, 

this 𝐸0
′  was different from the value of 𝐸0 seen in case of 

elastic 𝑒 − 𝑝 scattering, indicating that the electron was now 

scattering off point-like scatterers inside the proton. 

The interpretation of scaling in terms of point-like constituents 

inside the proton was a watershed event in our understanding 

of proton structure. The constituents were given the name 

“partons” and a phenomenological model was put forward 

[19] that became known as the “parton model”. In fact, these 

experiments, though rather crudely, were able to estimate the 

number of partons inside a proton, which was found to be 

three. Further experiments with ν, μ beams were  also  able  to 
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determine the spin and the electroweak charges of these 

partons and they agreed with those in the quark model. This 

was then the ‘second coming of quarks’. The ‘mathematical 

entities’ suggested by Gell-Mann and Ne’eman based on 

symmetry considerations were shown to be ‘physical 

realities’, the transition taking about 5–6 years. Thus, 𝑢, 𝑑, 𝑠 

quarks became the first constituents whose presence was 

heralded via patterns in particle properties as well as in 

scattering experiments analogous to the one performed by 

Rutherford. In fact, the quarks also showed themselves up as 

‘jets’ of particles with large momenta transverse to the beam 

direction, in the experiments at the first 𝑝 − 𝑝 collider in the 

world at the Intersecting Storage Ring (ISR), in 1971. 

Gluons 

The above experiments also showed that these quarks inside 

the proton behaved as though they were ‘free’ of the influence 

of the other objects in the proton. On the other hand, nobody 

ever was successful in finding ‘free’ quarks outside a hadron. 

A theory of strong interactions which would endow quarks 

with these paradoxical properties, in fact, is the gauge theory 

which makes use of the ‘colour’ attribute of the quarks 

introduced by Greenberg in a very different context and is 

called ‘Quantum Chromodynamics’ (QCD) [20]. This gauge 

theory then predicted the spin-1, massless gluons to be 

mediators of strong interaction responsible for holding the 

quarks and antiquarks together to form hadrons. 

Detailed measurements of the Deep Inelastic Scattering (DIS) 

cross-sections in a series of experiments with 𝑒, μ and ν beams 

incident on nuclear targets indicated the existence of neutral 

scatterers inside the proton, with which the incident neutral or 

charged leptons did not interact directly. However, the 

measured DIS cross-sections were affected, indirectly, by the 

presence of these gluons and this was predicted accurately in 

QCD. These experiments with 𝑒, μ and ν beams thus gave a 

glimpse of the gluons through this effect. 

Coming back to the sighting of gluon, it would come as no 

surprise to the reader of this article that this ‘indirect glimpse’, 

which was offered because calculations were possible in a 

well-defined theory of strong interactions, viz. QCD, was then 

confirmed by direct observation of the gluons. This 

confirmation was provided by observations of the planar, three 

jet events, first seen in the TASSO detector [21] at the 𝑒+𝑒− 

collider PETRA at DESY. These events could only be 

interpreted as coming from the reaction 𝑒+𝑒− → 𝑞�̅�𝑔 giving 

rise to an event with three jets in the same plane. Thus, the 

gluons were then the second set of gauge bosons after the 

photon to cement their place in the periodic table shown in 

Table 2. The interplay of theoretical and experimental 

developments which helped the community arrive at this point 

was truly remarkable. One should also add here that it is the 

gluons in the proton that made possible the production of 

Higgs at a detectable level in the 𝑝 − 𝑝 collisions at the LHC 

and the measurements of the quark/gluon content in the DIS 

experiments as well as HERA, that provided important input 

for the theoretical calculations of the expected rates in QCD. 

One more example of the synergy between theory and 

experiments in this hunt for the members of the periodic table 

of the SM. 

𝑾/𝒁, heavier fermions and the neutrinos 

Pointers from theory 

To discuss the discoveries of the remaining members of the 

periodic table, shown in Tables 1 and 2, we need to leave the 

approximately chronological order we followed so far and go 

back to the particle physics discoveries of the 60s and 

theoretical developments in the formulation of gauge theories 

of electromagnetic and weak (EW) interactions. 

During the 60s, detailed studies of the nuclear β decays, the 

weak decays of hadrons and the experimental demonstration 

that parity was maximally violated by these interactions, 

propelled the formulation of the 𝑉 − 𝐴 theory of weak 

interactions [22, 23] starting from the Fermi theory of the 

nuclear β decay [24]. Requiring consistency of these early 

theories with unitarity had indicated a non-zero mass for the 

charged 𝑊± responsible for weak interactions but had not 

indicated what the mass would be, except that it should be 

much larger than the typical energy scales involved in the 

weak decays. It is the unified description of the 

Electromagnetic and Weak (EW) interactions as a gauge 

theory in the Glashow-Weinberg-Salam (GSW) model [25] 

that actually gave a lower limit on its mass. Further, it 

predicted new types of weak processes not seen till then, the 

so called neutral current interactions and a new neutral gauge 

boson 𝑍. The requirement of renormalisability for this gauge 

theory with massive 𝑊/𝑍, had predicted the existence of at 

least one spin-0 boson, the Higgs boson, its mass, however, 

was not predicted in the model. Further, along with the 

interactions of the 𝑊/𝑍  with the leptons known till then 

(𝑒−, μ−, ν𝑒 , νμ) and their antiparticles, even 𝑾/𝒁 masses 

𝒎𝑾,𝒎𝒁, were predicted in terms of the lifetime of the μ and 

the weak mixing angle, θ𝑊, which was a free parameter in the 

model. The discovery of weak neutral currents in the 

experiments with ν beams increased the credibility of this 

gauge theoretic description.  

At the same time the ‘strange’ particles K0, 𝐾0 continued to 

throw puzzles to be solved and propelled the theoretical 

models further. Comparison of weak decays of the strange and 

non strange baryons/mesons, had indicated that the weak 

interaction eigenstate coupling to the 𝑢 quark via weak 

interaction, was a linear combination of the mass eigenstates 

of 𝑑 and 𝑠, thus pointing out a mixing in the quark sector. 

While K0, 𝐾0 were strong interaction eigenstates, the decay 

eigenstates 𝐾𝐿,𝑆 (so named because one was short-lived and 

the other was long-lived), were a linear combination of the 

two. The fractional mass difference between the 𝐾0 and 𝐾0 

was measured accurately through the 𝐾0–𝐾0 oscillations and 

was known to be ≈ 10−15. While the Δ𝑆 = 1 decays of the 

charged 𝐾-mesons take place at weak rates and could be 

understood in terms of the mediation by the 𝑊±,                         

the corresponding decays for the  neutral  𝐾-mesons,  such  as 
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     𝐾0 → μ+μ− were found to be suppressed further by another 

10 orders of magnitude.  Last but not the least, the neutral 𝐾-

meson system had also shown evidence for 𝐶𝑃 violation in 

their decays.    

Inclusion of quarks in the EW gauge theory consistent with 

the observation of suppression of the strangeness changing 

decays firstly required the existence of an additional 𝑐 quark1, 

with charge 
2

3
|𝑒|, so that the flavour changing 𝑍 mediated 

decays, the so-called flavour changing weak neutral currents 

(FCNC), will be forbidden at the tree level. But that was not 

all. One also had to find a reason for the observed suppression 

of the FCNC processes (decays and mixing), induced by loops 

involving two 𝑊±, much beyond what was expected from one 

more power of the weak charge 𝐺𝐹 ∼ 𝒪(10−5/𝑚𝑝
2). The 

existence of the charm quark, with all the properties same as 

that of the 𝑢 quark, apart from its mass of course, was shown 

to solve this problem as well [27], due to cancellations among 

different quantities by the so called GIM mechanism. Further, 

a description of the experimentally observed CP violation in 

the 𝐾-system in terms of the quark mixing matrix required 

existence of at least three generations of quarks. This mixing 

is described by the famous CKM mixing matrix Refs. [28] and 

[29].   

Thus, the existence of 𝑐 as well as that of 𝑡, 𝑏 quarks was 

actually predicted by the phenomenology of neutral meson 

mixing and CP violation in that sector. In fact, consistency of 

the gauge theory of EW interactions, the so called ‘anomaly 

cancellation’ then predicted the existence of a third generation 

of the leptons, τ, ντ, as well. The theory, at this stage, had no 

pointers for the masses of τ, ντ and 𝑏, 𝑡, unlike the case of the 

𝑐 and the 𝑊,𝑍, as mentioned before. 

Let us flashback to 1974. The famous GIM mechanism, in fact 

had paved the way for a calculation of the strengths of the 
|Δ𝑆| = 1 decays and |Δ𝑆| = 2 oscillations in the neutral 𝐾 

systems [30]. Assuming a four-quark picture2 and using the 

known information on the quark mixing angle, in fact, one 

could obtain a ‘prediction’ for 𝑚𝑐 ∼ 𝒪(1.5) GeV. 

Discovery of the heavier fermions 

𝑐 and 𝑏 quarks and 𝜏 

Thus, in 1974, the field was primed with expectations of 

additional new particles and the new high energy colliders 

were being built in Europe and in the USA. All the three 

fermions were discovered in the US laboratories. In fact, the 

presence of the charm quark was indicated first through the 

production of the 𝑐𝑐̅ bound states on the two coasts of the US 

[31]. The BNL experiment observed it as a peak in the 𝜇+𝜇− 

invariant mass distribution, at the Alternating Gradient 

Synchrotron (AGS) in the reaction 𝑝 + 𝐵𝑒 → 𝜇+ + 𝜇− + 𝑋 

with a 30 GeV proton beam and at SLAC in the storage ring 

 
1 It was postulated in 1963 [26] from symmetries of the weak 

decays of hadrons, before all the features of the eightfold way itself 

were clear 

SPEAR, in the reaction 𝑒+ + 𝑒− → 𝜇+ + 𝜇−, with a total 

center-of-mass energy between 3.1 to 3.3 GeV. In the latter 

experiment, they could also study the production of hadrons 

as well as of the 𝑒+𝑒− via this resonance. This demonstrates 

the difference between the leptonic colliders and the hadronic, 

fixed target experiments very effectively. The extreme 

narrowness of this resonance made it possible to see it above 

the continuum of the μ+μ− pairs produced via the Drell-Yan 

process of 𝑞�̅� annihilation. The narrowness of this resonance 

was later understood to be due to the absence of lighter 

charmed mesons into which this resonance could decay. The 

mass of this state, christened 𝐽/Ψ, was 3.105 ± 0.003 GeV, 

completely consistent with the theory prediction from 

considerations of the mixing in the neutral kaon sector. 

Something should be noted here. This agreement between the 

theoretical prediction and the experimental observation was 

serendipitous. In principle, this mixing would have been 

dominated by the heaviest quark in the game, viz. the 𝑡 quark. 

The four-quark picture gave the right result ONLY because 

the mixing between the first and third generation happens to 

be very small. 

This discovery, called the ‘November revolution’ indeed 

firmed the belief in the correctness of the gauge theory 

description of the EW interactions. It should be pointed out 

that the confirmation of observation of the charmed mesons 

and baryons took quite some time as the ‘open’ charm 

production, as it is called, is much more difficult to detect as 

compared to the narrow charmonium.  

The SPEAR storage ring could accelerate electron beams up 

to 4 GeV each. At the centre-of-mass energy above                        

4 GeV, the experiment reported observation of events                                   

𝑒+ + 𝑒− → 𝑒± + μ∓ + ‘missing energy’. The kinematics of 

the events was consistent with at least two more undetected 

particles. They claimed that this was consistent with the 

production and decay of a pair of particles, each with mass 

between 1.6 to 2.0 GeV [32]. Further studies indeed proved 

that this was a heavy charged lepton, decaying in a leptonic 

three body decay mode 𝐿 → ν𝐿 + ℓ + νℓ, where ℓ =  𝑒/μ, just 

like the μ → 𝑒 + ν̅𝑒 + νμ. 

Discovery of this third-generation lepton as well as the 

requirement of having a third generation of quarks for the 

description of the CP violation in terms of quark mixing, all 

spurred on the interest in search of 𝑏 even further. Very soon, 

evidence for a dimuon resonance around 9.5 GeV was 

reported [33] in 400 GeV 𝑝 − 𝑃𝑡/𝐶𝑢 reactions. This was 

interpreted as the 𝑏�̅� bound state Υ. Further, confirming 

evidence of 𝑐, 𝑏, τ  production also came from a jump in the 

ratio of hadron production to μ+μ− production, viz.                 

𝑅 =
𝑒++𝑒−→hadrons

𝑒++𝑒−→μ++μ−  at 𝑒+𝑒− colliders for cms energies well 

above the threshold for pair production of these new particles. 

2 The six quark picture of Kobayashi and Maskawa [29] went 

unnoticed for quite a few years after it was suggested. 
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This, then, is the story of addition of some of the heavy 

charged fermions, the 𝑐, τ and 𝑏. 

The neutrinos 

We have already discussed the case of ν𝑒 and its antiparticle 

ν�̅�. After the confusion between two ‘mesons’ was completely 

removed with the discovery of π in 1947, study of μ as a 

particle with weak interaction received an impetus. 

Measurements of the range of electrons coming from the μ 

decay [34] indicated that the 𝑒 produced in the μ decay have a 

continuous energy spectra. This clearly indicated that two 

neutral particles are being emitted in this decay. Fermion 

number conservation indicated that one of them is a neutrino 

and the other one an (anti)neutrino. This indicated that the ν̅ 

produced along with 𝑒− in the β decay (ν�̅�) must be different 

from νμ produced in μ− decay. High energy ν beams, 

produced in π decays, incident on a target produced μ− from 

the inverse reaction thereby proving that νμ and ν𝑒 were two 

separate particles and so νμ had arrived. 

After the discovery of the third charged lepton, τ, and the 

charge −
1

3
|𝑒|𝑏 quark discussed above, the need to find ντ and 

𝑡 was paramount to confirm the three-generation picture, 

indicated by many a theoretical demands as mentioned above. 

Direct observation of ντ [36], which happened in 2000, again 

demonstrated the production of τ by an incoming ντ. The ν 

beam was again produced in a beam dump experiment using 

800 GeV proton beams. Production of τ was identified using 

a nuclear emulsion. These three observations confirmed the 

existence of ν𝑒 , νμ and ντ which couple to a 𝑊 and an 𝑒, μ and 

τ respectively. 

However, observation of ν-oscillations, which won the Nobel 

prize in 2015, demonstrated that the mass eigenstates ν𝑖 , 𝑖 =
1,3 are linear combinations of ν𝑒 , νμ and ντ. This is not a new 

entry to the periodic table, but this feature of these ghostly 

particles is still not completely understood and is a subject of 

intense study, but we do not discuss it here. 

Table 3: History of lepton discovery. Apart from 𝑒+, the 

information about the anti-lepton is the same. 

Lepton Postulated Indirect Discovery 

𝑒−  1894  1897 

𝑒+ 1931  1932 

ν𝑒  1930 1956 

μ   1936 

νμ  1948 1962 

τ 1973  1975 

The weak gauge bosons 𝑊 and 𝑍 

Experiments with high energy ν beams produced from decays 

of the mesons produced in the beam dump, went a long way 

toward confirming the predictions of the EW gauge theory, by 

providing evidence for neutral current, proof for the parton 

structure of proton and confirming the equality of the partons 

seen in the DIS experiments with the quarks of the quark 

model of Gell-Mann. Last but not the least they confirmed the 

structure of the couplings of the matter fermions with the 

𝑊/𝑍. This was further helped by the rather accurate 

measurements of the angular dependence of the process       

𝑒+ + 𝑒− → μ+μ− at the 𝑒+𝑒− collider PETRA which had 

center-of-mass energy going upto 31.6 GeV. All the 

experimental results were explained by a unique value of 

sin2 θ𝑊, a parameter of the model. This, was enough to get a 

Nobel prize for the creators of the unified EW model in 1979. 

This unique value predicted the masses of the 𝑊,𝑍 to be:  

𝑚𝑊 ≃ 78.15 ± 1.5𝐺𝑒𝑉;𝑚𝑍 ≃ 89 ± 1.3𝐺𝑒𝑉 

These set the goal posts for the machines. The 𝑊/𝑍 could be 

produced in a hadronic collider via 𝑞 + �̅�′ → 𝑊 and                  

𝑞 + �̅� → 𝑍. 𝑞/�̅� carry only a fraction of the parent proton 

energy. With the knowledge of the maximum proton energy 

possible at the time and that of the momentum distributions of 

the 𝑞/�̅� in a proton, it was clear that one would need a 𝑝 − �̅� 

collider rather than the 𝑝 − 𝑝 that was available at the SPS at 

CERN in Geneva. �̅� could be accelerated to the same energy 

as 𝑝. However, their phase space volume would need to be 

brought down by a factor of 108 so that sufficient number of 

collisions could take place and the 𝑊/𝑍 would be produced at 

a rate that would be detectable in the clean leptonic final state. 

This required special advances in accelerator science. This 

discussion shows clearly the synergy between theory, 

experiment and accelerator builders that is essential for the 

planning of a successful collider. The observation of the 𝑊 

and the 𝑍 bosons in the UA-1 and UA-2 experiments [37], 

with mass values and production rates which agreed with the 

theory predictions, was a very important step in confirming 

the correctness of the GSW model. Thus, the 𝑊/𝑍 arrived on 

the scene. 

Discovering the animal through its footprints 

LEP and SLC, with their cms energy of 100 GeV, and LEP-II, 

with its cms energy of 215 GeV, performed precision 

measurement of the properties of 𝑊/𝑍 and tested the SM to a 

high precision. The Tevatron, too, added to this. Just to give 

an idea, the 𝑊/𝑍 masses were known after the LEP and 

Tevatron measurements to be, 𝑚𝑍 = 91.1875 ± 0.0021 GeV 

and 𝑚𝑊 = 80.385 ± 0.015 GeV. These precise values 

allowed to set the goal posts for the searches of the last two 

members of our periodic table, 𝑡, ℎ. In this section, we discuss 

the discovery of these two. 

𝑡-quark 

As has already been discussed, observation of the heavier 

quarks at hadronic machines is somewhat easier if a narrow 

quarkonium state exists, as was the case for 𝐽/Ψ. 

Experimental searches at the 𝑆𝑝�̅�𝑆 (the superconducting 

proton synchrotron) which provided the evidence for the 

production of 𝑊/𝑍 in 𝑝 − �̅� collisions failed to see signs of a 

toponium production. The experiments at the 𝑒+𝑒− colliders 

can detect ‘open’ production of a heavy quark much better. 

However, the searches at the 𝑒+𝑒− collider such as TRISTAN 

in Japan had already pushed the possible mass of the 𝑡 quark 

to above 30 GeV.  This  meant  that  one  should  look  for  the 
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open production of 𝑡 quarks through the leptons produced in 

their three-body decay t → 𝑏  +  𝑊(∗) → 𝑏 + ℓ+ + 𝜈ℓ where 

the 𝑊 may be real or virtual depending on the mass of the 𝑡. 

At the 𝑝 − �̅� and 𝑝 − 𝑝 colliders in particular, looking for 

these leptons above the background due to the leptons from 

the Drell-Yan process as well as charmed and 𝐵-mesons, was 

seen to be difficult. Hence, special phenomenological tricks 

had to be thought of. One such trick was to note that for      

𝑚𝑡 < 𝑚𝑊, leptons coming from the decay of the much heavier 

𝑡 quark (or equivalently the 𝑇-meson) will be isolated from 

the other hadronic activity [38]. If 𝑚𝑡 > 𝑚𝑊, the lepton from 

𝑡 decay will always be isolated. This discussion shows us that 

in the search strategies of these heavier objects, which are 

produced at lower rates and where the decay products involve 

νs, the kinematics and the dynamics of the decay play an 

important role. 

The experimental manifestation of 𝐵0 − �̅�0 oscillations at the 

ARGUS experiment [39] was a harbinger of the presence of 

the 𝑡 quark, just like the 𝐾0 − 𝐾0 oscillations had provided 

hints of the presence of the 𝑐-quark and its mass. Further 

indications for the expected mass of 𝑡 also came from 

precision measurements of many EW observables, i.e., 

properties of the 𝑍 and the 𝑊 boson and the quantum 

corrections caused to them by loops containing top quarks. 

Direct experimental observation of the 𝑡 quark at the Tevatron, 

with a mass value consistent with the implications of the EW 

precision measurements, provided a test of the description, at 

loop level, of the gauge field theory of the EW interactions. In 

fact, the Nobel prize awarded jointly to 't Hooft and Veltman 

in 1999 is the testimonial of the importance of this agreement. 

We will see the current status of such a comparison in the next 

section. 

Table 4: History of quark discovery. Information about the 

anti-quarks is the same. 

Quark Postulated Indirect info. Discovery 

𝑢, 𝑑, 𝑠  1964  1969 

𝑐 1964, 1970 1974 1974 

𝑏 1973 1975 1977 

𝑡 1973 1994 1995 

The Higgs boson 

The mass of the Higgs boson is not predicted in the SM. 

However, quantum field theoretical requirements indicated 

that the mass of a weakly coupled Higgs should lie in the range 

120 ≲  mh  ≲  700 − 1000 GeV. The lower limit, in 

particular, depends sensitively on 𝑚𝑡.  

Did the LEP precision EW measurements have anything to say 

about it? Indeed the same information that was used to 

‘predict’ 𝑚𝑡 using those data, could now be used to obtain 

constraints on the Higgs mass, looking at quantum corrections 

to the 𝑊,𝑍 mass as well as to the 𝑍 couplings, caused by loops 

containing the Higgs boson and again setting the goal posts. 

In fact, on the eve of the discovery of the Higgs, in March 

2012, the EW precision fits and the direct Higgs search limits 

from the LEP, the Tevartron and the LHC itself, had left only 

a small slither of allowed region around 120 GeV. The 

interested reader can look at the plots on the webpage in Ref. 

[40]. 

 
Figure 2: 𝑚𝑊 − 𝑚𝑡 values consistent with the EW precision 

data with and without using measured value of 𝑚𝑡 , 𝑚𝑊 and 

𝑚ℎ as inputs. Taken from [40]. 

Finding the Higgs boson in 2012 [41] with a mass consistent 

with these constraints was the biggest success of the SM. 

Figure 2, reproduced from the Gfitter webpage [40], illustrates 

this. The various dark and light shaded regions correspond to 

68 % and 95 % confidence level contours in all cases. The 

green bands between the vertical and horizontal lines indicate 

the experimentally measured values of 𝑚𝑡 and 𝑚𝑊. The 

region shaded in blue (the long and narrow ellipses) indicates 

the region allowed in the 𝑚𝑡 − 𝑚𝑊 plane, by fits of the SM 

prediction for precision measurements of the EW observables 

where the Higgs mass [42] information is used. The big 

elliptical regions, one of them open at one end, shaded in light 

and dark grey, are the ones allowed when none of the mass 

measurements are used as input and one lets the EW precision 

data choose the best fit values. Consistency of the values 

obtained in these fits with each other and with the 

experimental measurements indicated by the small oval with 

dark and pale green regions, tests the correctness of the 

quantum corrections to 𝑚𝑊 coming from the loops containing 

𝑡 and ℎ. 

It goes without saying that the discovery of the Higgs required 

the most complete collaboration among theorists and 

experimentalists. The enormous effort in using the precision 

data from LEP and SLC to predict the Higgs mass ‘before’ the 

Higgs discovery was remarkable. So was the effort to arrive at 

the highly precise predictions for the Higgs signal and Higgs 

signatures as well as the SM backgrounds. The small size of 

the Higgs production cross-section means that one has to fight 

against a huge background. It was the guidance from 

theoretical expectations that convinced all the particle 

physicists (theorists and experimentalists alike) that the signal 

uncovered on July 4, 2012 was that of the SM Higgs boson, in 

spite of only a handful of events: ~100 in the γγ final state and 

~20 in the 𝑍𝑍∗ → μ+μ− channel. Notice that the Higgs 

postulate [43], used in [25] in constructing the SM, took about 

half a century to finish the journey to becoming a physical 

reality.  Tables 3–5 summarise the history of the discovery of 
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all the elements of the periodic table, where the column 

indirect information refers to some indirect confirmation of 

their existence or indirect information on their masses from 

theory or experiments. 

Table 5: History of discovery of the bosons. 

Bosons Postulated Indirect info. Discovery 

γ    1905 

𝑊± 1961 1961, 1979 1983 

𝑍 1961 1967, 1973, 1979 1983 

ℎ 1964 1999 2012 

Conclusion 

So this is the spectacular saga of discovering various members 

of the periodic table of particle physics. The discussion may 

have made one feel that the story of the SM has now come to 

an end. But a little introspection tells us that while the SM has 

indeed provided an understanding of many secrets hidden in 

the ‘Heart of Matter’, there are still many puzzles to which the 

SM has no answer. We still do not know why the masses of 

all the different fermions are so vastly different and neutrino 

masses so tiny. We still do not know the origin of mass mixing 

or CP violation. The observed small value of the mass of the 

Higgs, which is comparable to 𝑚𝑊, 𝑚𝑍 is a big surprise as 

generic properties of the quantum field theories do not require 

it to be small. Further, the SM cannot quantitatively explain 

the observed matter-antimatter asymmetry in the Universe. 

Last but not the least, no member of this periodic table can be 

a candidate for Dark Matter (DM) which is known to form 

26.7 % of the total ‘mass’ in the Universe. 

These are big questions and the world of particle physics had 

come up with many big ideas, such as Supersymmetry, Extra 

Dimensions, etc., to answer them. Experiments at the LHC 

have so far not provided any proof (direct or indirect) for their 

existence. It is true that the energy reach of the LHC is limited. 

Maybe the precision measurements possible at the LHC in its 

future runs or at the future 𝑒+𝑒− colliders will give some 

pointers about the truth of these ideas. The observations of the 

multi-quark bound states, containing heavier quarks beyond 

those expected in the simple quark model, may already be 

teaching us something new about strong interactions. The B-

physics experiments at the LHC and other B-factories have 

given indications that in some B decays, the ratio of the 

branching ratios for the final states containing the μ + μ− to 

the one with 𝑒 + 𝑒− deviates by more than 3σ from the SM 

prediction. The measurement is 0.846 ± 0.04 compared to the 

SM prediction of 1.00 ± 0.01. The latest results of the 

measurement of the (𝑔 − 2)𝜇 differ from the SM prediction at 

4.1σ. Maybe this is the thin edge of the wedge and the future 

days of particle physics will be guided by these ‘signs’ from 

experiments on earth and in the sky! We hope that these small 

‘clouds’ on the clear horizon of the SM, auger well for the 

onward march of the journey to uncover the secrets of nature! 
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Abstract 

Creativity and novel ideas in instrumentation are key to making progress in the understanding of our universe. Physics and 

science in general have made tremendous progress in elucidating theories and laws which govern the fundamental building 

blocks of nature. This would not have been possible, were it not for the technological advances in instrumentation. With 

progressively sophisticated experiments and ever-increasing complex analysis of data, particle physics or high energy physics 

(HEP) is viewed as an enabler not only for fundamental discoveries, but also for dramatic advances in several other fields of  

science. As an example, very advanced microscopes that are now routinely used in biology and medicine have their roots in 

particle physics. Breakthrough physics experiments have been facilitated by technological advances and physics needs have 

driven the necessary technological development and have made a high societal impact. In this article, I would like to recall the 

seminal work done by Bibha Chowdhuri towards the discovery of a new particle in the 1940s, followed by some developments 

in instrumentation for high energy physics since the 1950s with a focus on gaseous detectors. 

 

 

Introduction  

The first documented gas radiation detector was the gold 

leaf electroscope [1], of the 18th century: two thin gold leaves 

inside a volume of air fly away from each other when like 

charges are placed on them, measuring the integrated total 

charge deposited on them from the outside. This was followed 

by the ionization chamber of Rutherford and Geiger which, in 

essence, was the first proportional counter since it produces a 

pulse of charge for each incident radiation in the gas inside.  

Dreaming of working in a laboratory would remain but a 

dream for many a woman scientist in India, particularly in the 

days when Bibha was growing up, a century ago. In the late 

19th century, Jagdish Chandra Bose started conducting 

experiments for scientific research. Inspired from pioneers 

like Lord Rayleigh, he was instrumental in thereby laying the 

important foundation of experimental research [2, 3] in India. 

Those were the people who were dedicated to the vision of 

making India a scientific nation. Debendra Mohan Bose 

initiated cosmic ray research in India. He worked closely with 

Sir Joseph John Thompson and Charles Thomson Rees 

Wilson, in 1907, on the Wilson cloud chamber at the 

Cavendish Laboratory. At the University of Chicago, cosmic 

ray research started after Compton’s visit to India in 1926 [4], 

where experiments conducted in Kashmir were facilitated by 

Shanti Swarup Bhatnagar. Around the same time Patrick 

Blackett was working in Cavendish Laboratory. His work on 

the investigation of cosmic rays using his invention of the 

counter-controlled cloud chamber got him the Nobel Prize in 

Physics in the year 1948. Bibha’s work (e.g. see Figure 1) was 

a common link at all the laboratories mentioned here [5]. 

 

Figure 1: A large shower produced in a cloud chamber 

(Credit: University of Manchester [5]). 

Bibha Chowdhuri and her pioneering work on 

cosmic rays 

D.M. Bose joined Bose Institute as Director in late 1937, and 

Bibha Chowdhuri was his research student. She made 
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significant contributions towards the discovery of mesons 

using photographic plates and published three papers 

consecutively in “Nature” [6].  

With Homi Jehangir Bhabha as the founding director of the 

newly established Tata Institute of Fundamental Research 

(TIFR) in Bombay, Bibha Chowdhuri got her appointment in 

1949 with a distinction of being the first woman researcher. 

She worked on detecting high energy muons associated with 

extensive air showers exploiting “Scintillator Detectors” 

together with arrays of neon flash tubes. She continued with 

rigour following her dream field of “High Energy Physics,” 

working on investigations aimed to study nucleus-nucleus 

interactions at relativistic energies. In her pioneering work 

at TIFR she concluded that ‘distribution of particle densities 

in Extensive Showers obey a power law’ and determined the 

exponent of the integral density spectrum. Further, she studied 

three-fold, fourfold and five-fold coincidences with iron and 

lead plates as absorbers, a technique well used even today. In 

one experiment, she set and measured coincidences of the 

penetrating cosmic radiation with four-fold counters recording 

data with shielded counters under a 15 cm lead brick. In a 

second experiment, the top 5 cm of lead was exchanged for 16 

cm of iron. She found that the density spectrum (as well as the 

counting rates under the two different conditions) were the 

same. She stated that according to the cascade theory at lower 

altitude, due to the effect of cascade multiplication the density 

of particles in a shower will be increased, so the probability of 

recording the dense part of a shower will increase with 

decreasing altitude. Thus, the whole spectrum will be slightly 

biased towards large showers at lower altitudes and value of 

the exponent will be slightly reduced. She stated that even if 

all these results and her experimental results are taken into 

account: ‘we find no clear evidence whether this variation in 

exponent from 1.7 – 1.5 is due to the effective altitude or is a 

mere fluctuation in the experimental results’. She proposed 

more experiments at different altitudes and observed that 

penetrating extensive showers were 300 times less frequent 

than all Particle Extensive Showers of the same density.’  

 

Figure 2: Multiplate Cloud Chamber at TIFR, similar to the 

one used by Bibha Chowdhuri (Credit: TIFR Archives). 

Her pioneering work was appreciated worldwide and she 

contributed to the research work of Patrick Blackett and Frank 

Powell, Nobel Prize winners 1948 and 1950 respectively. With 

the above discussion and reference to her published works, it 

is well established that Bibha was a pioneer of cosmic ray 

studies, instrumentation and radiation detectors, thus paving 

the way for techniques and physics discoveries of the future 

with trail blazing work done at the TIFR (e.g. see Figure 2).  

These innovative techniques had become routine, both in the 

west and in India, when I started my doctoral work in the 80s, 

yielding my PhD thesis with work on emulsions studying 

proton nucleus interactions to study correlations and cluster 

characteristics at 400 GeV/c [7]. Many contemporaries did 

similar PhDs at various Indian Universities, it is not a matter 

of chance that this research topic was thriving in our 

laboratories in the country, initiated at TIFR by a little-known 

woman scientist on whose shoulders we stand. 

Bubble Chamber and Cloud Chambers 

In this section, I will focus on the further evolution of gaseous 

detectors for ionizing radiation. Radiation has been a far-

reaching tool to study the fine structure of matter and the 

forces between elementary particles. Instruments to detect 

radiation find their applications in several fields of research. 

To investigate matter, three types of radiation are exploited: 

photons, neutrons and charged particles. Each of them has its 

own way to interact with material, and with the sensitive 

volume of the detector. The interaction mechanisms have been 

well studied and are documented in several references [8]. 

Photons in the meV-eV range permit spectroscopy, i.e., to 

probe the energy level of atoms, molecules or solids.  

At CERN, the Big European Bubble Chamber (BEBC) 

(Figure 3(a)) that was operated in the 1970s, is exhibited at the 

Microcosm museum; it is a large size detector with a stainless-

steel vessel, filled with 35 m3 of superheated liquid which was 

was regulated by means of a movable piston. The piston 

expansion, in coincidence with the charged particle beam 

crossing the chamber volume, caused a rapid pressure drop 

with a consequence of the liquid changing phase to vapour and 

the track forming droplets along its path. Cameras from the 

top took photos of the tracks in a magnetic field of 3.5 T. By 

the end of its active life in 1984, BEBC had delivered a total 

of 6.3 million photographs to 22 experiments for analysis. 

Around 600 scientists from some 50 laboratories throughout 

the world had taken part in analysing the 3000 km of film it 

had produced [9]. BEBC enabled the discovery of neutral 

currents, D-mesons and promoted the developments of 

neutrino and hadron physics, carrying out one of the richest 

physics programs. This technique was invented and pioneered 

in1952 by Donald Glaser [10] for which he got the 1960 Nobel 

Prize in Physics. 

On a similar principle, visualization of high-density tracks 

came with the Cloud Chamber (Figure 3(b)), in which, 

saturated air with water vapor was contained inside a chamber 

fitted with a movable piston: when moved, it allows the 

expansion of the air producing water droplets along the tracks 
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Figure 3: (a) The Big European Bubble Chamber and (b) trajectories in a Cloud Chamber 

of any ionizing particle passing through the chamber. Both 

these techniques suffered from the fact that they did not offer 

any information on the time of passage of the ionizing 

radiation. 

Multiwire proportional chamber and its derivatives 

Charged particle detection was revolutionized by the 

invention, in 1968, of the Multiwire Proportional Chamber 

(MWPC) by Georges Charpak [11]. Its advanced derivatives 

are the high accuracy drift chambers (HADC [12]) and Time 

Projection Chambers (TPC) invented by D. Nygren in 1974 

[13]. Despite their various shortcomings, namely modest rate 

capabilities and limited two-track resolutions, these detectors 

have been the work horse of a large number of particle physics 

experiments providing excellent tracking and momentum 

analysis over the last five decades. The MWPC transformed 

particle physics experiments by exploiting avalanche 

multiplication around thin anode wires, it permits fast 

detection and localization of small amounts of charge released 

in a gas by ionizing radiation. Numerous generations of 

multiwire gaseous devices have been developed from the 

original progenitor, such as drift, time-projection, time-

expansion, and ring-imaging chambers (for an exhaustive 

coverage see Ref. [14]). Gradually replacing the slower tools 

like the bubble and cloud chamber, multiwire detectors of 

various designs remained major components of experiments 

for particle physics through the 80s and 90s and continue to be 

detectors of choice to date for large area coverage of muon 

systems. All LEP experiments comprised large gaseous 

detectors based on the multiwire chamber, for e.g., the OPAL 

Jet Chamber, the Delphi RICH, the DELPHI and ALEPH TPC 

(Figure 4(a)) and the L3 Muon Chambers [15]. 

Their use spread into other research fields, including 

astrophysics, industrial and medical diagnostics, and biology 

[8, 9]. In recognition of his invention, George Charpak 

received the 1992 Nobel Prize for Physics. An example of 

radiography is shown in Figure 5 in which the radiography of 

Charpak’s hand was made with a digital X-ray imaging 

apparatus based on the MWPC [16] called the Siberian Digital 

Radiography System, installed in several hospitals.

 

Figure 4: Schematic of (a) ALEPH Time Projection Chamber (TPC) and (b) large readout Multiwire Chambers (MWPCs) 

(a) (b) 

(b) (a) 
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Figure 5: (Left) Roger Bouclier working on one of the first MWPCs, which was tested in a beam-line at the Proton Synchrotron 

in 1968. (Center) Georges Charpak, testing a large drift chamber at CERN in 1970. (Right) Image of Charpak’s hand using 

an MWPC in Siberian Digital Radiography System installed in the Hospital St. Vincent, Paris. (Photographs Courtesy CERN 

archives.

Gaseous detectors at the Large Hadron Collider 

The challenging and hostile scenario for muon detection at 

collider machines like the LHC [17], its upgrades and the 

future International Linear Collider (ILC) [18] has given rise 

to extremely innovative designs and further exploitation of 

gaseous detectors for tracking and triggering. Nevertheless, 

today the technologies exploited at the currently operational 

experiments at LHC are over a decade old due to the time and 

schedule constraints of construction and commissioning large 

systems, which can easily extend to the order of several 

thousand square meters and a construction time of several 

years. New detector technologies are being prototyped and 

evaluated for the LHC upgrades and the ILC for which the 

challenges for precision and radiation tolerance are ever more 

increasing. All physics processes and new discoveries require 

muon tracking and identification in an environment which is 

dense due to hadronic jets, in addition to low energy protons, 

photons and a neutron induced background [19]. The detectors 

used for the experiments at LHC are as varied as the concept 

and design of the individual experiment concept [20]. In 

ATLAS, there are four different types of gas detectors used, 

mainly dictated by the sensitive surface covered, trigger and 

precision and also importantly due to differing radiation 

environment. In total we are looking at LHC muon systems 

above 20,000 m2 of sensitive areas with gaseous detectors, for 

example. Here a mention must be made of the resistive plate 

chamber (RPC) that was pioneered in the 1990s by                     

R. Santonico exploiting two Bakelite plates containing a 

gaseous volume. This turned out to be a “cheap” alternative 

for covering large areas of experiments and “carpets” of 

sensitive detectors have been operating also for cosmic ray 

and neutrino experiments [21].  

A state-of-the-art Time-Projection Chamber (TPC) is the main 

device on the ALICE ‘central barrel’, for tracking of charged 

particles and particle identification. The ALICE TPC, shown 

in Figure 6, [22] was designed to cope with the highest 

conceivable charged particle multiplicities predicted, for 

central Pb–Pb collisions at LHC energy, i.e., rapidity densities 

approaching 8000 at center-of-mass energy of 5.5 TeV. Its 

acceptance covers 2π in azimuthal angle and a pseudo-rapidity 

interval |eta| < 0.9. Including secondaries, the above charged 

particle rapidity density could amount to 20000 tracks in one 

interaction in the TPC acceptance. 

 

Figure 6: (Left) 3D view of the highest densities of charged tracks simulated for central Pb-Pb collisions. (Right) Particle 

tracks measured with multiwire chambers at the endcaps of the ALICE TPC showing relative variation of gas.
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Figure 7: The ATLAS (left) and the CMS (right) experiment at the Large Hadron Collider 

Very large surfaces of muon detectors of the order of 15,000 

m2 based on multiwire proportional chambers are installed in 

the experiments ATLAS, CMS (Figure 7), LHCb and ALICE 

at LHC; see for example, Table 1 [23]; apart from MWPCs, 

these include drift chambers, cathode strip chambers, thin gap 

chambers, resistive plate chambers. 

Micro Pattern Gas Detectors (MPGDs) 

Confronted by the increasing demands of particle physics 

experiments, MWPCs have continuously improved over the 

years. However, limitations have been reached in rate 

capability and granularity. Placing and holding the thin anode 

wires at distances closer than a few millimeters is difficult. 

Moreover, the electrostatic repulsion between the thin anodes 

causes mechanical instability above a critical wire length, 

which is less than 10 cm for 1-mm spacing. A more 

fundamental hindrance is the copious production of positive 

ions in the avalanches, which are only slowly collected by the 

electrodes and which generate a build-up of positive space 

charge that modifies the electric field. As a consequence, the 

proportional gain of the detectors drops quickly at a radiation 

flux above ∼104 s−1 mm−2. To overcome these mechanical 

limitations, gluing the wires to insulating supports was 

proposed, followed over the years by several, often 

undocumented efforts. In 1988, Anton Oed at the Institut 

Laue-Langevin (ILL) in Grenoble introduced a novel concept: 

the MicroStrip Gas Chamber (MSGC) [24]. It consists of a set 

of tiny metal strips engraved on a thin insulating substrate; 

these strips are alternately connected as anodes and cathodes. 

They rely on the same processes of avalanche multiplication 

as do the multiwire devices. The photolithography used in its 

manufacturing permits reduction of the electrode spacing by 

at least an order of magnitude, correspondingly improving the 

multi-hit capability. Moreover, the fast collection of most 

positive ions by the nearby cathode strips reduces space-

charge build-up and greatly increases rate capability. 

Introduced coincidentally with the first projects at high-

luminosity   colliders,   MSGCs   filled   a   gap   between  the 

Table 1: A comparison of the typical coverage and performance parameters for muon detectors in ATLAS and CMS [21]. 
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Figure 8: Principle of a Gas Electron Multiplier (GEM) detector. An electron passes through a micro hole made on copper 

clad Kapton foil with a small voltage difference between the top and bottom, the high field multiplies a single electron up to 

1000 times, using a few foils in tandem one can get very high gains at rather modest voltages.

performing but expensive solid-state strip detectors and the 

cheap but rate-limited traditional gas devices. Intensively 

developed by many research groups, MSGCs led to a new 

family of gaseous detectors called “Micro Pattern Gas 

Detectors” MPGDs (an acronym given by the author) that are 

now components in high-rate tracking systems for major 

experiments. 

For both ATLAS and CMS, novel developments have been 

made with intense R&D over the last two decades. The 

upgrade of the CMS Muon system with Gas Electron 

Multiplier (GEM) [26] detectors has recently been completed 

[27] and that of ATLAS called New Small Wheel based on 

MicroMegas Detectors is underway [28]. 

The CMS GEM collaboration that the author conceived and 

led as project manager over the last decade was to introduce 

this new GEM technology (Figure 8). We have just finalised 

the installation of the new GEM detectors in the outermost 

layer of the CMS experiment: the endcaps. In total, 144 GEM 

detectors have been inserted into the CMS experiment in order 

to detect muons that scatter at an angle of around 10° in 

relation to the beam axis (Figure 9). With installation 

complete, the next step is to fully commission the GEMs of 

both endcaps, 288 additional GEM chambers will be installed 

during the 2023-2024 year-end technical stop. Then, during 

Long Shutdown 3 (between 2025 and 2027), 216 more 

chambers  will  be  added.  Nearly  650  new  muon  detectors

spread over three stations will search for the  muons  that  will 

be produced in the very forward region of CMS in the High-

Luminosity LHC (HL-LHC) era, due to start at the end of 

2027. 

The ALICE TPC (Figure 10) was instrumented with endcaps 

of multi wire proportional chambers during the last running of 

the LHC. They have now been replaced by detectors based on 

Gas Electron Multipliers (GEMs) as well [30] (Figure 11). 

This upgrade, together with new readout electronics will allow 

ALICE to record the information of all tracks produced in 

lead–lead collisions at rates of 50 kHz, producing data at a 

staggering rate of 3.5 TB/s during the future running of the 

LHC due in 2022. The average load on the chambers under 

these conditions is expected to be as high as 10 nA/cm² and 

detectors have been thoroughly validated before installation; 

commissioning is ongoing presently. 

In Figure 12, we see a particular example of applications of 

GEM detectors beyond particle physics. An image of a small 

bat (width 32 mm with a pixel size of 50 µm). Two-

dimensional read-out boards made using GEM technology 

have been made for digital absorption radiography, and this 

system can be used for medical imaging [31]. In the centre is 

shown   the   GEMPix   detector   that   combines   GEM   and 

Medipix, a family of photon-counting pixel detectors. The 

features of each technology are enhanced and the resultant 

technology is a hybrid device that is able to detect all types of 

 

Figure 9: (Left) GE1/1 chambers being installed in CMS thereby completing the installation of the first station. (Right) The 

very first cosmic rays measured with the brand new GEMs complementing the gaseous detector muon system. The red line 

between the two layers represents a muon.
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radiation with a high spatial resolution. The purpose of the    

technology is to measure and visualise the low-energy 

deposits in gas or tissue-equivalent samples [32]. On the right, 

the author is seen with a colleague and their invention [33] - a 

fast timing detector based on combining two technologies 

again the GEM and the RPC into a Fast-Timing Micropattern 

(FTM) Detector with promise for future experiments and 

applications.

 

Figure 10: (Left) A schematic view of ALICE and (right) the Time Projection Chamber, the two endplates that housed the 

multiwire chambers earlier and have now been upgraded with GEM detectors.  

 

Figure 11: (Left) An interior view of the TPC field cage that took a large amount of R&D to ensure operation in the hostile 

LHC conditions and (right) the replacement of the endcap MWPCs with the GEM detectors [30] 

 

Figure 12: (Left) Radiography of a bat using a GEM Detector [14], (center) the GEMPix is a small gaseous detector with a 

highly pixelated readout, consisting of a drift region, three Gas Electron Multipliers (GEMs) for signal amplification [32] and 

(right), the Fast Timing Micropattern (FTM) Detector invented and co-patented by author [33]. 
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Conclusions 

 

There is no doubt that the literally trail blazing work by Bibha 

Chowdhuri has led the way for scientists all around the world 

in the 1940s and 1950s to consolidate knowledge and 

techniques on measuring cosmic rays and their properties. Her 

seminal and leading-edge work was followed by Nobel Prizes 

to her contemporaries in the West. In my opinion, this was 

possible given her dedication, passion and extraordinary drive.  

Bubble Chambers opened the way for Multiwire chambers 

which is turn made way for micro pattern gaseous detectors.  

With advanced technologies, techniques, electronics and 

algorithms, operations at very high background particle flux 

with high efficiency, fast timing and excellent spatial 

resolution is possible. This combination of parameters 

determines the main application of micropattern detectors in 

particle physics experiments: precise tracking in the areas 

close to the beam and in the end-cap regions of general-

purpose detectors. And for that there is no match as compared 

to a very advanced time projection chamber. We wait with 

bated breath to see the first particle tracks from heavy ion 

collisions when the LHC is switched on again. For all this, we, 

women in science, will always stand tall on the shoulders of 

giants like Bibha Chowdhuri! 
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Abstract 

The past decade has witnessed the opening up of a new window on to the Universe with the coming of age of high energy 
neutrino astronomy. The IceCube experiment at the South Pole discovered a diffuse flux of astrophysical neutrinos at             
TeV-PeV energies, and also identified the first candidate source for this flux: a flaring blazar 5.7 billion ly away. This was a 
breakthrough in real-time multi-messenger astronomy and has thrown up significant challenges to astrophysical models of such 
active galactic nuclei. Intriguingly no neutrinos have been detected from gamma-ray bursts, nor were any seen from the binary 
neutron star merger detected in gravitational waves. Resolving the high energy neutrino sky and furthering our understanding 
of such extreme environments in the Universe will require IceCube-Gen2, which will have 8 times the instrumented in-ice 
volume, in addition to a surface array including radio detectors to extend the energy range by 3–4 orders of magnitude. Such a 
facility also has immense potential to probe physics beyond the Standard Model with ultra-high energy cosmic neutrinos. 
Opportunities for Indian participation in this exciting endeavour will be discussed. 

 
 

Introduction  

The IceCube neutrino observatory is a cubic-kilometre 
sized detector made up of 5160 photomultiplier tubes (PMTs) 
embedded deep within the ice at the geographic South Pole 
between depths of 1450 m and 2450 m [1]. The reconstruction 
of the incoming neutrinos relies on the detection of optical 
Cherenkov radiation emitted by the secondary particles 
produced in the neutrino interactions in the ice or the bedrock. 
Construction of IceCube began in 2005 and the detector has 
been delivering data in its final configuration since May 2011. 
Today, the collaboration includes around 320 physicists from 
53 institutions in 12 countries around the world (including, in 
Asia, China, Korea and Japan) [1]. 

Neutrino and Multi-messenger Astronomy with 
IceCube 

Though initially conceived as a detector with just 2π sr sky 
coverage (due to the irreducible background of the down- 
going muons produced in extensive air showers in the 

Southern sky), the usage of the outermost layer of the detector 
as   a   veto   has   enabled   the   efficient   rejection   of   such 

 
Figure 1: The IceCube Neutrino Observatory [1] 
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backgrounds by selecting specifically for events with their 
interaction vertices within the detector. These are mainly 
charged current (W±) mediated and due to all neutrino 
flavours, although preferentially e and  initiated ‘cascade’ 
events, because of the bias against  ‘initiated ‘tracks’ in such 
a ‘High Energy Starting Events’ (HESE) sample. A 
statistically significant excess of events in the HESE sample 
is now accepted as conclusive evidence for a diffuse 
astrophysical flux of neutrinos at TeV-PeV energies [2]. A 
corresponding excess has also been observed in the up-going 
muons created in the Northern sky which reach IceCube 
through the Earth [3]. This breakthrough in 2013 has opened 
a new window on the Universe and galvanised the 
astroparticle physics community. 

 
Figure 2: Neutrino-initiated events in IceCube [1] 

 
Figure 3: The deposited energies of HESE events, compared 
to background predictions. The summed uncertainty of all 
backgrounds (estimated from simulations for muons and data 
for neutrinos) is shown as a hashed region [2]. 

Attempts to identify the sources of the high energy neutrinos 
via directional clustering analyses have been unsuccessful, 
constrained mainly by the low statistics of the HESE sample 
and the limited angular resolution of the ‘cascade’ topology 
for the majority of these events. Starting in mid-2016, real 
time alerts are being issued to the wider community through 
the Astrophysical Multimessenger Observatory Network 
(AMON) and Gamma-ray Coordinates Network (GCN). One 
such alert, issued on 22nd September 2017 after the detection 

of a high energy muon neutrino of energy ~290 TeV by 
IceCube, initiated a multi-wavelength campaign ranging from 
radio frequencies to -rays, after the event was noted to be 
pointing back towards the blazar TXS 0506+056, observed to 
be in a flaring state by both Fermi and MAGIC [4]. 
Subsequent examination of 9.5 y of archived IceCube data 
revealed a 3.5 excess of high-energy neutrinos from this 
object between September 2014 and March 2015 [5]. TXS 
0506+056, later ascertained to be at a red-shift of 0.3365 is 
thus the first identified extragalactic source of high energy 
neutrinos, and therefore, indirectly, of ultra-high energy 
cosmic rays. The absence of any -ray emission associated 
with the 2014–15 flare has however proven challenging to 
explain with the plethora of astrophysical models proposed [6] 
to explain the 2017 flaring event. 

 
Figure 4: 50% (dashed red) and 90% (solid gray) 
containment regions for the neutrino event IceCube-170922A, 
over-laid on a V-band optical image of the sky. Fermi -ray 
sources are shown as blue circles, while the yellow circle 
indicates the 95% contour reported by MAGIC. The optical 
position of the blazar TXS 0506+056 is shown in the pink 
square. The Orion constellation is also shown (from Ref. [4]). 

Gamma-ray bursts have however been excluded as dominant 
contributors to the diffuse neutrino flux [7], nor have any high 
neutrinos been detected from compact binary mergers 
detected via gravitational waves [8]. Within the Galaxy, there 
have long been hints that extended regions of -ray emission 
at tens of TeV observed by MILAGRO (e.g., the Cygnus 
region) are also emitters of TeV neutrinos [9]. Forthcoming 
data from LHASSO (and, in future, CTA and SGSO) at 
hundreds of TeV should enable definitive identification of 
Galactic ‘Pevatrons’ accelerating hadronic cosmic rays via 
observations of the concomitant flux of neutrinos. 

Cosmic rays with IceTop 

The in-ice IceCube array is augmented by a surface array 
called IceTop [10], located on the Antarctic plateau at an 
altitude of 2835 m. Consisting of 81 stations, each made up of 
two Cherenkov tanks separated by 10 m,  IceTop  samples  and
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reconstructs the shower front of Extensive Air Showers (EAS) 
developing above the IceCube detector, collecting data that 
have led to world-leading measurements of cosmic-ray flux, 
composition and anisotropy [11]. IceTop also serves as a veto 
to the in-ice array, allowing for the rejection of the principal 
background, namely muons originating in cosmic-ray 
interactions in the upper atmosphere. 

 
Figure 5: Skymap (Mollweide projection) of the relative 
intensity of cosmic rays at 10 TeV median energy in equatorial 
coordinates, exhibiting a dipole anisotropy [12]. 

The significant number of atmospheric muons observed by 
IceCube enables it to be used as a cosmic-ray detector. 
Combining with data from the High-Altitude-Water-
Cherenkov (HAWC) observatory has enabled the first 
measurement of an anisotropy of O(10–3) in cosmic rays from 
the full-sky analysis of primaries of energy ~10 TeV [12]. 

IceCube and Particle Physics 

Neutrino mass eigenstates do not correspond to flavour 
eigenstates, leading to flavour oscillations as neutrinos 
propagate through space. Neutrinos produced in cosmic-ray 
interactions in the upper atmosphere traverse baselines 
between 20 and 13,000 km. By measuring the deficit in the 
observed number of muon neutrinos as a function of direction 
and energy with respect to atmospheric neutrino flux 
predictions, the oscillation parameters 23 and ∆𝑚 ,  can be 
measured. The DeepCore infill array at the center of IceCube 
enables the detection and reconstruction of neutrinos at 
energies as low as ~ 5 GeV. An analysis of three years of data 
with reconstructed event energies in the range of 5.6–56 GeV 
[13] has allowed IceCube to obtain consistent measurements 
of these oscillation parameters at precision comparable to that 
of dedicated accelerator- and reactor-based experiments, 
highlighting its powerful capability to probe new physics. For 
example, stringent limits have been set on the existence of 
sterile neutrinos [14] and on possible violations of Lorentz 
invariance [15]. 

The Earth is not transparent to neutrinos of energy above ~30 
TeV, leading to an attenuation in their flux. By comparing the 
zenith-dependent flux of observed events against 
expectations, the neutrino cross-section can be measured [16]. 
The HESE sample from 7.5 years of IceCube data has been 
used to measure the all-flavour neutrino-nucleon cross-section 

from 60 TeV up to 10 PeV [17]. The results are consistent with 
Standard Model predictions for deep inelastic scattering at 
next-to-leading order QCD [18]. 

 
Figure 6: The IceCube measurement (90% allowed region) of 
atmospheric neutrino oscillations [13] compared to other 
experiments. The outer curves show the 1-D projections 
profiling over other variables, along with 68% C.L. contours. 

 

Figure 7: The charged-current, neutrino cross section as a 
function of energy, averaged over neutrinos and antineutrinos 
of all flavours [17]. The 1 Wilks’ confidence intervals are 
shown along with the previous result from Earth absorption 
[16] and theoretical predictions. 

The fraction of a neutrino’s energy transferred to hadrons, 
inelasticity, is particularly sensitive to new interactions due to 
physics beyond the SM. A sample of neutrino interactions in 
the 1–100 TeV range contained within IceCube from five 
years of data was found to have an inelasticity distribution 
compatible with the SM theoretical prediction [19]. By 
exploiting the distinct inelasticity distributions of muon 
neutrino and muon antineutrino interactions, the ratio of the 
flux of 𝜈µand �̅�µ in the 770 GeV – 21 TeV energy range was 
found to be 0.77 .

.  times the SM prediction for the 
atmospheric neutrino flux [20].
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Figure 8: The mean inelasticity measured in five energy bins 
[19], compared against the predicted SM mean inelasticity for 
neutrinos and antineutrinos [18], as well as averaged for their 
mix in atmospheric neutrinos [20]. 

 
Figure 9: Reconstructed energy posterior probability density 
(top) and expected distributions from MC simulations 
(bottom), for the ‘Glashow resonance’ candidate event [27]. 
The MC simulation based expectations are shown separately 
for hardons from W– decay (GR h., blue), the electron from W 
decay (GR e., orange), charged-current interactions (CC;red) 
and neutral current interactions (NC;green). 

IceCube has performed searches for neutrinos from the 
annihilation of dark matter particles in the Sun [21, 22] and 
the Earth [23], as well as the Galactic halo [24] and Galactic 
Centre [25] — setting restrictive limits. The possibility that 
the observed PeV energy neutrinos are from the decay of 
superheavy halo dark matter is disfavoured [26]. 

On 8th December 2016, a shower with an energy of 6.05 ± 0.72 
PeV was detected within IceCube [27]. Features consistent 
with the production of secondary muons in the particle shower 
indicate the hadronic decay of W– boson produced via                
�̅�e e– → W–. This is the ‘Glashow resonance’ [28] and its 

detection confirms the existence of electron antineutrinos in 
the diffuse astrophysical neutrino flux — an important clue 
towards the nature of the sources. 

The Future 

These breakthrough results from IceCube in the past decade 
have etched out a roadmap for the future of astroparticle 
physics studies from the South Pole. The proposed IceCube-
Gen2 [29] is 8 times bigger in volume, increasing the expected 
event rate by a similar factor, while capable of resolving 
sources fainter by a factor of 5. The addition of a radio array 
will extend the energy range by at least a factor of ~100. The 
primary scientific objectives are to: 

1. Resolve the neutrino sky from TeV to EeV energies. 
2. Reveal the sources and propagation of the highest energy 

particles in the Universe. 
3. Investigate cosmic particle acceleration through multi-

messenger observations. 
4. Probe fundamental physics with high-energy neutrinos. 

In continuation of the crucial role IceTop has come to play in 
the functioning of IceCube as a driver of real time 
observations (3 out of the 17 real-time alert candidates 
triggered within IceCube in the past year were vetoed by 
IceTop), IceCube-Gen2 is expected to have a proportionally 
larger surface array. The upgrade to IceTop with scintillator 
detectors augmented by radio antennas [30] envisioned in the 
near future is expected to pave the way towards the eventual 
design and layout of the Gen2 surface array, which may also 
incorporate subsurface muon counters. The full IceCube-Gen2 
facility is expected to be complete by 2033, at a cost of $350 
million. The first step towards this is the already approved $37 
million IceCube-Upgrade which will add 7 new strings in the 
centre of IceCube, with the main goal of gaining precision in 
studies of neutrino oscillations [31]. 

 
Figure 9: The high energy neutrino landscape [27] 

In India, the Gamma Ray Astronomy at PeV EnergieS     
phase-3 (GRAPES-3) array is a major astroparticle physics 
observatory, operating at the Cosmic Ray Laboratory (CRL), 
Ooty (11.4° N, 76.7° E, 2200 m altitude) with the participation 
of 12 Indian and 7 Japanese institutions [33]. Its dense array 
of scintillator detectors and the largest muon tracking 
telescope in the world offer a sensitive probe of high energy 
particle acceleration in both the Earth’s atmosphere and outer 
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space from a near-equatorial location. As detectors that 
sample the secondary particles produced in EAS, GRAPES-3 
and IceTop occupy a similar position in the field of 
astroparticle physics. The design, construction and 
deployment of GRAPES-3 was pursued with a strong 
emphasis on the indigenous development of cutting-edge 
instrumentation and the training of early-career researchers. 
Consequently, the team at Ooty can now design and fabricate 
high quality plastic scintillators and proportional counters, as 
well as high speed (100 ps) signal processing electronics 
including amplifiers, discriminators, and time to digital 
converters in-house with internationally competitive 
performance, al-lowing the commissioning of an EAS array at 
10–20% of the typical cost. These capabilities are being 
exploited to upgrade GRAPES-3 to be one of the largest EAS 
detectors in the world, with unique scientific potential. On the 
same time scale, the layout of the hybrid IceCube-Gen2 array 
will be optimised through simulation studies. Now is the time 
therefore to commit to participate in this exciting experiment 
which represents the future of the field, by leveraging the 
existing capabilities in India. 

A Homage to Bibha Chowdhuri 

This article has discussed some of the amazing science that 
has been achieved with a pioneering experiment constructed 
in one of the most inhospitable places on Earth, taking ad-
vantage of its natural features. Almost none of this had been 
anticipated when the proposal was first made in 1988 [32] “for 
gradually developing a neutrino telescope in a location and a 
medium that is attractive from the physics point of view and 
is also cost effective compared to alternative proposals”. A 
pathfinder experiment AMANDA was constructed in 1993, 
however although it did detect atmospheric muons, the light 
scattering length even at a depth of a km turned out to be too 
short to allow any tracking or useful detection volume. Nev-
ertheless the experimenters were undeterred by this setback 
and persevered, on an even grander scale, to build IceCube and 
achieve the breakthrough results recounted above. 

It was 85 years ago that a young student, Bibha Chowdhuri, 
from the Bose Institute, Kolkata undertook to expose Ilford 
half-time photographic plates at Darjeeling (2430 m) and 
Sandakphu (3660 m) in the Indian Himalayas and Phari Jong 
(4420 m) in Tibet to look for the ‘mesotrons’ predicted by 
Yukawa as carriers of the strong force, “...which may also 
have some bearing on the shower produced by cosmic rays” 
[34]. In a series of papers published in Nature with her 
supervisor D.M. Bose, she attributed observations of 15 
narrow-angle pairs of tracks in vertically oriented plates [35] 
to particles which were neither electrons nor neutrons or pro-
tons — as was evident from their velocity (deduced from the 
mean grain spacing) and different mean angles of scattering in 
the emulsion. They exposed similar plates to protons and 
neutrons of known energy from a radioactive source to 
calibrate the relation between the grain density and energy loss 
rate, and also studied the attenuation when the plates were ex-
posed at various altitudes under different column densities of 
air, as well as kept under 20 g/cm2 of water [36]. Assuming 

the deflections to be due to multiple Coulomb scattering (in 
the Born approximation) of singly charged particles, Bose and 
Chowdhuri [37] inferred an average mesotron mass of       
(160.2 ± 4.3)me. Their estimates were subsequently revised 
upwards [38] closer to what we now know is the pion mass, 
nevertheless it is clear that at best they had only statistical 
evidence for the pion. It was not until 1947 that using superior 
‘C2, Boron-loaded nuclear research emulsions’ which he had 
persuaded the Ilford company to make, Powell and 
collaborators were able to definitively observe a pion decaying 
into a muon [39]. Their paper starts by acknowledging the 
pioneering work of Bose and Chowdhuri [37, 38]: “In 
identifying the tracks of mesons we employ the method of 
grain-counting. The method allows us, in principle, to 
determine the mass of a particle which comes to the end of its 
range in the emulsion, provided that we are correct in 
assuming that its charge is of magnitude |e|”. Powell was 
awarded the 1950 Nobel prize in physics “for his development 
of the photographic method of studying nuclear processes and 
his discoveries regarding mesons made with this method”. 

Perhaps for lack of such equipment, Chowdhuri had 
meanwhile come to Manchester in 1945 to do her Ph.D. with 
Blackett, after which she returned to India to join TIFR 
Bombay as its first female staff member. She had however left 
already for PRL Ahmedabad, before one of the present authors 
(S.S.) joined TIFR in 1974 to do research on cosmic rays with 
plastic track detectors under the supervision of Sukumar 
Biswas who had known Chowdhuri well. However, when S.S. 
obtained his first result — detection of relativistic cosmic ray 
iron nuclei in CR-39 (Allyl diglycol carbonate) sheets exposed 
on a ballon flight from Hyderabad [40] — he was unaware that 
this was the very research programme that Chowdhuri had 
been engaged on earlier. It is unclear why she left TIFR rather 
than engaging with the ambitious experimental programmes 
being then mounted on several fronts — cosmic-ray 
experiments on high altitude balloons (and later SKYLAB and 
SPACELAB III), the setting up of the CRL at Ooty and, 
earlier, an air shower array at the Kolar Gold Fields. 
Chowdhuri did go to work at KGF where an underground 
laboratory was being set up by TIFR for studies of the 
variation of the cosmic-ray muon flux with depth [41]. She 
was however not involved in the first detection of atmospheric 
neutrinos made there in 1965 [42]. Nevertheless, we feel that 
the exciting science we have discussed above using 
atmospheric and cosmic neutrinos is just what she would have 
wanted to do, were she to be still with us today. We salute this 
true pioneer of our field. 
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Abstract 

Cosmic muons, the most abundant charged particles at the sea level, have played an important role in particle detector 

experiments. The flux and directional distribution of muons are sensitive to the flux and composition of the primary cosmic 

rays entering the atmosphere. In this article, we start with a brief overview of the properties of cosmic muons and discuss the 

interesting information that we can infer about the cosmic-ray spectra, high energy interactions and about the atmosphere. 

State-of-the-art detection techniques, which have widened the application of cosmic muons to various imaging methods, are 

mentioned. We also discuss the scope of the muon-sensitive experiments like the ICAL and mini-ICAL at INO to learn more 

about cosmic muons. 

 

 

Cosmic Rays  

Cosmic rays are high energetic particles, which are 

constantly entering into the Earth’s atmosphere. Apart from 

the lower energy particles which are produced in the Solar 

System, there is also a significant number of higher-energy 

particles which originates outside the Solar System, either in 

the Milky Way or even in faraway galaxies as well as the 

intergalactic space. The hints of the presence of ‘something 

mysterious’ in the atmosphere were lingering for a very long 

time. The sudden and quick discharge of the electroscopes 

designed by Coulomb and his fellows was a prominent hint of 

cosmic rays, which was unsolved over a few centuries. 

In 1912, Victor Hess systematically measured the radiation at 

altitudes of up to 5.3 km in a balloon and found that the 

average ionization present in the atmosphere increases with 

altitude. This had led to the discovery of cosmic rays. Right 

from their discovery, the cosmic rays have been playing a very 

important role in the rise of the modern physics and particle 

physics. The discovery of many particles like positron, muon, 

pion, etc. took place in cosmic ray experiments. 

Cosmic Muons 

Circa 1936: Physicists Carl Anderson and Seth Neddermeyer 

were busy studying cosmic radiation at Caltech. They noticed 

the track of some particles, when passed through a magnetic 

field, had shown a different curvature from electrons or any 

other known particles [1]. They appeared negatively charged 

but with a curvature less bent than the electrons but more 

sharply than the protons. The difference in the curvature was 

attributed to a difference of mass of this apparently new 

particle from the known ones, a mass greater than an electron 

but smaller than that of a proton. The existence of this particle 

“Muon” was later confirmed by E.C. Stevenson and J.C. Street 

in 1937 through experiments with a cloud chamber detector. 

Muons are elementary particles, from the lepton family of the 

fundamental particles. They are similar to electrons with a 

unitary negative electric charge and a spin of 1/2. However, 

they are about 200 times heavier than an electron. Each muon, 

after an average lifetime of 2.2 µs, decays and emits a 

positron/electron. A significant amount of muons are present 

in the atmosphere and they are an essential component of the 

cosmic ray showers. 

When a high energy primary particle originating from any 

source beyond our atmosphere enters and collides with a 

nucleus of the upper atmosphere, a large number of secondary 

particles are produced. They would later interact/decay, in 

turn, producing a huge shower of particles termed as Cosmic 

Air Showers. The short lived pions (positive or negative) 

among those secondary particles decay into muons. These 

cosmic muons are among the most interesting components in 

an Extensive Air Shower and are being widely probed through 

many prominent large-scale detectors. 

At sea level, muons are the most abundant energetic charged 

particles. Charged particles propagating through matter 

continuously interact with the electrons and nuclei of the 

surrounding atoms, and thus, cannot avoid losing energy by 
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ionization. Interestingly a muon interacts very little with 

matter except the ionization process. Due to this, they can 

travel large distances and mostly reach the ground. 

 

Figure 1: A cosmic air shower showing the production of 

muons in the atmosphere. (Picture Credit: CERN) 

The charged particles lose energy proportional to the amount 

of matter they pass through, i.e., to the density (g/cm3) times 

the path length (cm). Muons lose energy at a fairly constant 

rate of about 2 MeV per g/cm2. The vertical depth of the 

atmosphere is about 1000 g/cm2, which means a muon would 

lose about 2 GeV of energy to ionization before reaching the 

ground. 

At higher altitudes, the density of the atmosphere is so less that 

even at about 15 km it is only 175 g/cm2 deep. This is typically 

the altitude at which most of the atmospheric muons are 

generated. The average flux of the muons at sea level is about 

one per cm2 per minute, which comprises of about 50% of the 

total natural radiation background. Some of the muons can 

even be detected at depths beyond 500 m, at different 

underground experiments. In fact, these are the only charged 

particles reaching there apart from background radiation from 

the surroundings. 

Why are Cosmic Muons Interesting? 

Cosmic rays, in general, are the messengers from the broader 

universe, decoding of which actually provides us important 

information about the sources and the medium through which 

they travel. The secondary cosmic rays in an Extensive Air 

Shower are useful to unravel many interesting facts: mainly 

about the primary cosmic ray and also about the interactions 

in the atmosphere. There are a large number of experiments of 

different sizes, both ground-based and space-based, which are 

already active in studying different component particles of the 

Air Showers. If we focus on the cosmic muons, a precise 

estimation of their energy and direction spectra contributes to 

the following: 

• Reconstruction of the Extensive Air Shower and 

Identification of the Primary Cosmic Particle 

Various experiments now focus on simultaneous 

detection of different secondary particles in a shower 

event. This information is being combined to reconstruct 

the shower event and identify the primary particle, its 

energy and direction. These would, in turn, throw more 

light on locating the source of the primary particle and 

also on the production and propagation mechanisms of 

those particles. The information on the cosmic muons is 

significant in such studies. 

• High Energy Interactions and Energy Loss Mechanisms 

in the Atmosphere 

Cosmic ray sources are natural accelerators which 

provide us a huge number of high energy particles. There 

is a large fraction of cosmic rays at ultra-high energies, 

which is beyond the reach of current human-made 

accelerator setups. They provide us an excellent chance 

to study the details of the high energy interactions as well 

as the energy loss mechanisms through the atmosphere. 

As many of the cosmic muons reach the ground level, 

they are great candidates for such studies. 

• Probing Atmospheric Effects 

The muon flux and energy are affected by the 

contemporary atmospheric conditions. For example, the 

cosmic muon flux intensity corresponds directly with the 

atmospheric temperature at different pressures, altitudes 

and zenith angles. Similarly, the mean muon flux 

intensity has been observed to decrease during and near 

thunderstorms. It is also found that lightning affects the 

mean muon flux intensity during these thunderstorms. A 

simple setup to measure the cosmic muon flux reveals 

many details of such effects. 

• Exploring Earth’s Magnetosphere 

Muons, being charged particles, are good candidates to 

explore any magnetic field. The cosmic muon flux 

measurement can also map the Earth’s magnetosphere, 

which extends over a radius of about a million kilometers 

and shields us from the continuous flow of high energetic 

solar and galactic radiation. 

Applications of Cosmic Muons 

Let us now explore two interesting uses of cosmic muons 

which have gained popularity in the past a few decades, 

particularly with the advancement of the state-of-the-art 

detection technologies.  

Muon Radiography 

This technique uses information on the absorption of cosmic 

ray muons in a material and measures the thickness. In this 

method, the number of muons that pass through the target 

volume are tracked to determine the density of the inaccessible 

internal structure and to locate empty spaces. It is similar         

to X-ray imaging but it can survey much larger objects. Since 
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muons are less likely to interact, stop and decay in low density 

matter than a high-density matter, a larger number of muons 

will pass through the low-density regions of target objects in 

comparison to the higher density regions. 

•  Study of interior of pyramids 

Muon radiography was first used by Luis Alvarez in 1971 to 

investigate the pyramid of Chephren, in Giza, Egypt [2]. The 

experiment used spark chamber detectors and found no 

evidence of any void. Recently, the ScanPyramids mission 

found a big void in the Great Pyramid (Khufu’s Pyramid), 

above the Grand Gallery [3]. Inside the pyramid, Nuclear 

Emulsion films (Nagoya University) and scintillator 

hodoscopes (KEK) were employed to observe the void, which 

was reconfirmed with gaseous detectors outside the pyramid 

(CEA) [3]. 

 

Figure 2: A schematic of the muon radiography technique 

used to scan a pyramid [4]. 

• Study of volcanoes  

Using muon radiography, an image of the internal structures 

of the upper levels of volcanoes (the edifice) can be obtained 

with about tens of meters resolution [5]. Although such an 

image cannot help to predict the time of an eruption, when 

combined with other observations it may help to foresee how 

the eruption could develop. This technique serves as a very 

powerful tool for the study of geological structures. 

 

Figure 3: The principle of using muon radiography to probe 

volcanoes [6]. 

Muon Scattering Tomography  

An extension of the muon radiographic methods, the muon 

scattering tomography, was proposed for the first time in 

2003. This technique uses cosmic ray muons to reconstruct 3D 

models of the densities of any obstructed objects or volumes. 

It is based on the multiple Coulomb scattering of muons, a 

process in which muons are deflected and are slowed down 

when they interact with a high-Z material, i.e., a high atomic 

number. In this process, particles are mainly scattered due to 

the Coulomb force. When negatively charged muons pass 

through some volume, they interact with the negatively 

charged electrons present in that material and get deflected. 

Using tracking detectors around the volume, the deflections 

can be measured and be used to localize high-Z objects. 

 

Figure 4: A schematic view of the muon scattering 

tomography technique [7]. 

India-based Neutrino Observatory  

India has a rich history of conducting experiments using 

cosmic muons [8]. The Kolar Gold Field (KGF) hosted a 

series of such experiments on underground observation of 

muons and their interactions. Simultaneously, atmospheric 

neutrino related experiments were also performed at KGF, 

which had led to the first discovery of atmospheric neutrinos. 

Reviving that legacy, the underground India-based Neutrino 

Observatory (INO) to host neutrino experiments was proposed 

to be built in the Bodi West Hills, in Theni district of Tamil 

Nadu. The prime aim of INO is to study the neutrino 

oscillations with atmospheric neutrinos. The INO 

collaboration plans to build a huge magnetized iron 

calorimeter (ICAL) detector. ICAL will be sensitive to the 

energy, direction and the electric charge of the final state 

leptons (mostly muons) produced in charged–current (CC) 

interactions of the neutrinos with the target material. 

Large Resistive Plate Chambers (RPC) are chosen as the 

active detector elements of ICAL. The RPCs are gaseous 

parallel plate detectors, made of highly resistive glass 

electrodes, to track charged particles. The main features of the 

RPCs are excellent detection efficiency, good spatial as well 

as position resolutions, wide area coverage and low 

production cost. 

As the RPC detector stacks are primarily designed for the 

detection of muon tracks, they have wide potential not only    

in detecting the atmospheric neutrino interactions, but also          

in detecting the abundant cosmic muons. The initial 

characterization  of  the  RPC  detectors  was  performed  with 
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cosmic muons only. These detectors are well suited to 

determine the flux and angular distribution of the cosmic 

muons. They are also promising in the field of imaging with 

cosmic muons. 

 

Figure 5: The ICAL detector to be located at Theni 

A prototype of the ICAL detector, mini-ICAL, has been 

already built at IICHEP, Madurai [9] This detector is 

magnetized and has eleven layers of detector elements   

(Figure 6). As mini-ICAL is situated on the surface only, it is 

well sensitive to cosmic muons and is a great platform to 

perform cosmic muon related studies. 

 

Figure 6: An image of the mini-ICAL detector at Madurai. 

The blue slabs are the iron target and the RPC detectors are 

put between them. The coils through it magnetizes the 

detectors. Situated at ground level, this stack is sensitive to 

cosmic muons and various studies are underway [9]. 

In Figure 7, real tracks of cosmic muons passing through the 

mini-ICAL detector is shown, where the bending of the tracks 

due to the magnetic field can be clearly viewed. In a set of 

experiments, cosmic muons are used here to assess the 

performance of the RPC detectors and the magnetic field 

effects. On the other hand, the detector facility has also been 

used to measure the cosmic muon flux and other associated 

parameters. In the coming days, mini-ICAL is expected to 

continue on being a great setup for more cosmic muon related 

studies.   

We briefly mention here, some of the cosmic muon related 

study done with these RPC stacks. 

• Muon Flux Measurement: As part of INO’s R&D program, 

a prototype detector stack comprising 12 layers of RPCs of 

1 m × 1 m in area was built at Tata Institute of Fundamental 

Research (TIFR). This prototype was used to study the 

detector parameters using cosmic ray muons. A study of 

muon flux measurement at sea level and lower latitude was 

performed in [10]. 

• Angular Distribution of Cosmic Muons: The angular 

distribution of cosmic ray muons was studied using the           

2 m × 2 m RPC stack (mini-ICAL) at IICHEP, Madurai. The 

results of this study will be used to obtain a better map of the 

cosmic muon spectra at Theni [11]. 

• Atmospheric Muon Charge Ratio Analysis at the INO-ICAL 

Detector: Since ICAL is capable of identifying the charge of 

the muon/antimuon, its potential for the measurement of the 

muon charge ratio is explored in a simulation-based study. 

The simulated muon charge ratio is in agreement with the 

existing experimental observations; its measure can be 

extended by INO-ICAL up to 10.50 TeV and up to 60° [12]. 

• Azimuthal Dependence of Cosmic Muon Flux: The azimuthal 

dependence of cosmic muon flux at different zenith angles 

has been studied with the mini-ICAL stack. The east-west 

asymmetry of the atmospheric muons is well studied by 

many experiments at different locations on earth. Compared 

to them, the prototype RPC stack was commissioned in a 

unique location, as it is very near to the geomagnetic equator 

[13]. 

 

Figure 7: Tracks of cosmic muons at mini-ICAL detector. The 

bending due to magnetic field is visible [14]. 

Currently the GRAPES-3 [15] at Ooty, equipped with the 

largest running muon detector in the world, offers ample 

potential to further study of cosmic muons. Interestingly, it 

recently detected a crack in the Earth’s magnetosphere due to 

a  giant  cloud  of  solar corona. GRAPES-3 also continuously 
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records and probes the effect of thunderstorms on the muon 

flux. This facility is currently equipped with the largest 

operating muon detector in the world. 

Summary 

The cosmic muons have proved to be a very interesting source 

for particle detection and cosmic ray studies. In this article, a 

brief overview of the cosmic muons is given. The cosmic 

muons are abundant in nature and are widely used for the 

characterization of particle detectors over many decades. In 

India, the RPC detectors in the INO-ICAL experiment and the 

muon telescope of the GRAPES-3 setup are well suited for 

cosmic muon study and some examples of the same are 

illustrated. Apart from the study of the flux and directional 

spectrum of cosmic muons, imaging experiments are also very 

promising in this field. 
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Dr. Hemant Adarkar, former TIFR 

graduate student at KGF in 1980s, recalls:  

She was known as “Chaudhuri Amma” 

among the technical staff at KGF. She was a 

natural team player and despite being the 

principal investigator, she could laugh at 

herself.  She was the only woman who worked 

in an underground experiment. Her name 

kept popping up when I was specifically told 

not to recruit any woman as there were no 

toilets (leave alone separate toilets) in the 

mines.  Young graduate students of INO training 

programme, carrying on the legacy of Bibha 

Chowdhuri. Heartening to see so many women 

in the group  
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Abstract 

The recently reported measurement by the Muon g–2 collaboration at Fermi National Accelerator Laboratory indicates that 

magnetic moment of the muon is different than what the Standard Model of particle physics, which is often regarded as the best 

description of nature, predicts. A brief discussion on this anomaly is presented together with the recent results. 

 

 

Anomalous magnetic moment of muon 

The dipole moment 𝜇, its spin 𝑠 are intrinsically related, 

𝜇 =  𝑔𝜇
𝑞

2𝑚𝜇
𝑠                                   (1)                                     

where gµ represents the gyromagnetic ratio of the muon with 

a predicted value gµ = 2, q = ±1e is the electric charge of the 

muon, and mµ is the mass of the muon. Additional theoretical 

contributions in the Standard Model (SM) appear from field 

theory calculations, leading to a small correction to gµ = 2. 

These are the different loop contributions, which include the 

virtual photon emission and re-absorption (QED correction), 

corrections due to SM gauge boson and Higgs contributions 

(EW correction), and the hadronic corrections due to the 

contribution of quarks and gluons in the loops (Figure 1). 

These corrections are parameterised in terms of the anomalous 

magnetic moment aµ of the muon as 

𝑎𝜇 =  
𝑔𝜇−2

2
                                        (2) 

Including the corrections, the SM prediction as reported by the 

Muon g–2 Theory Initiative collaboration [1] becomes 

𝑎𝜇(SM) =  116591810(43) × 10−11            (3) 

 

Figure 1: Feynman diagrams for the SM contributions to aµ 

Muon g–2 Experiment   

Table 1 summarises the results of earlier experiments (at 

Nevis cyclotron, CERN, BNL), which were aimed at precise 

determination of aµ. The measurement at BNL [2] exceeds the 

SM prediction [1] by 3.7σ. The Muon g–2 experiment at Fermi 

National Accelerator Laboratory (FNAL) was constructed for 

further investigation of this discrepancy. 

Table 1: Summary of experimental results till 2020 

Experiments aµ 

Columbia-Nevis(1959) [5] 0.001 13−(12)
+(16)

 

CERN (1979) [6] 1165924(8.5) × 10−9 

BNL E821 (2006) [2] 11659208.0(6.3) × 10−10 

The working principle of the Muon g–2 experiment (E989) 

relies on the measurement of muon anomalous precession 

within a storage ring, where a highly uniform and precisely 

known magnetic field, B, perpendicular to the muon spin and 

orbit plane is applied. A schematic diagram highlighting the 

basic principle is illustrated in Figure 2 and a view of 

experimental setup is shown in Figure 3. 

The experiment used a positively charged polarised muon (µ+) 

beam, produced from charged pion decay and injected into the 

storage ring. As the muon orbits horizontally within the 

uniform magnetic field, its momentum vector and spin 

precess. The relative precision frequency of the spin w.r.t the 

momentum is the anomalous precision frequency �⃗⃗⃗�𝑎, 

�⃗⃗⃗�𝑎 = −𝑎𝜇
𝑞�⃗⃗⃗�

𝑚𝜇
                                 (4) 
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A measurement of aµ hence can be obtained from the 

measurement of �⃗⃗⃗�𝑎, and with the precise knowledge of the 

storage ring magnetic field. In the experiment, quadrupole 

electric field had also been applied. For a muon with an energy 

3.094 GeV, the relative precision frequency is almost 

independent of the applied electric field. The muon in the 

storage ring circulates thousands of times before it decays into  

e+, e, �̅�𝜇. The energy of the positron originating from the 

muon decay is correlated with the spin direction of the muon, 

resulting in a modulation of the positron energy spectrum, the 

measurement of which probes �⃗⃗⃗�𝑎, and in turn aµ. 

 

Figure 2: Schematic of the working principle 

 

Figure 3: Muon g–2 experiment at FNAL (For details, visit 

https://muon-g-2.fnal.gov/, https://tinyurl.com/9uuz2wh8) 

From the Run-I data of the Muon g–2 collaboration, the 

reported measurement of anomalous magnetic moment of 

muon is [3,4], 

𝑎𝜇(FNAL) =  116592040(54) × 10−11              (5) 

The uncertainty in this highly precise result is about 0.46 ppm 

(part per million). This result itself indicates a 3.3σ deviation 

w.r.t. the SM prediction, and is in agreement with the result 

from the previous E821 experiment at BNL. Combining the 

FNAL reported result with the previous measurements, the 

new experimental average becomes (Figure 4), 

𝑎𝜇(expt) =  116592061(41) × 10−11          (6) 

 

Figure 4: Experimental values of aµ from different 

experiments, and the combined average [3].  

The difference between the combined result and the SM 

prediction is 𝑎𝜇  (expt) − 𝑎𝜇(SM) = (251 ± 59) × 10−11 

[3], leading to a further increase in the discrepancy at 4.2σ 

statistical significance. 

This long-standing discrepancy opens up possibilities of new 

physics explanation. An exciting interpretation, among 

various new physics explanations, is large contribution from 

supersymmetric particles in the loop. The ongoing and the 

future run of Muon g–2, and an independent cross-check of 

this anomaly by the J-PARC experiment in Japan will play an 

important role in particle physics in the foreseeable future. If 

the results point towards discrepancy of an even larger 

statistically significance, it will be a confirmation of new 

physics. 
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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 



Physics News 

71  Vol.51(1-2) 

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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Abstract 

In this article, I will examine the status of gender parity in post-independence India by looking at women's lives in High energy 
physics.  From the first-hand experiences of some of the pioneering women in the field, I hope to examine whether gender bias 
is a real threat in high-energy physics. 

 
 

Introduction  

Gender Bias in Particle Physics has been thrust into the 
spotlight by the incendiary comments made by theoretical 
physicist Alessandro Strumia. At a workshop on gender in 
physics at CERN, Geneva in 2018, he claimed that women 
were less capable than men at physics research [1].  In an 
objectionable remark, he claimed that “physics was invented 
and built by men, it’s not by invitation.”  CERN suspended 
him, and letters by Nobel Prize winners were written against 
him [2, 3]. Still, the incident brought to light the lack of gender 
diversity in Particle Physics and the existence of such 
discriminatory ideas in the field even today. The fact that he 
felt it necessary to argue about gender diversity is in apparent 
contradiction to his statement that “In particle Physics, men 
and women have equal opportunities in fundamental physics, 
and women don’t necessarily face a more hostile work 
environment”. Such arguments are a convenient way for 
institutions to avoid measures to promote gender diversity in 
Physics at Universities, Institutes and science organizations. 
Another argument made by Indian Physicists is that there is 
more gender discrimination in physics in western countries 
and in Indian Scientific academia, there is little evidence of 
discrimination against women in high-energy physics.  

In India, the invisibility of women in particle physics in post 
independent India has been highlighted in the book “A Jewel 
Unearthed: Bibha Chowdhuri The Story of an Indian Woman 
Scientist” By Rajinder Singh and S.C. Roy [4]. The book 
traces the life of the Indian woman cosmic ray physicist Bibha 
Chowdhuri, whose work laid the foundation for the Nobel 
prize-winning work of discovering the pion [5]. She remained 

unrecognized in India until this book was published. No 
national award or fellowship came her way, and the scientific 
community largely ignored her. Her life has given a 
resurgence of debates on the lack of credit given to women in 
Physics and the skewed credit given to men in particle physics. 

The message of the book is, “As a woman, if you don’t belong 
to a “boys club” and boast about your achievements, you will 
always remain on the periphery in the scientific hierarchy.” 
However, what survives is her story of courage and 
determination and her significant contributions to 
contemporary research, which gives a new role model to 
women in particle physics starting a career. It also provides 
solace to those women who have remained on the periphery of 
the particle physics establishment for years and encourages 
them to write articles such as this one. 

A Historical Perspective 

Despite constitutional guarantees, India still struggles with 
gender inequality issues beyond just equal economic growth 
and access to educational resource opportunities. Gender 
inequality exists in socially constructed, predefined gender 
roles firmly anchored in India's socio-cultural fabric with deep 
cultural and historical roots. Socio-cultural influences have 
spill-over effects across all domains, including science. 

As Neelam Kumar, a feminist science historian writes [6]: 
“Science continues to be characterised by low number of 
females, clustered in disciplines considered feminine and 
confined to the ranks of invisible, poorly paid assistants, and 
other lower positions.” Of all these disciplines, Experimental 
and Theoretical Particle Physics are not only the most male-
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dominated leadership disciplines but also have had their male 
followers get the most accolades. 

To set the stage for women particle physicists, we look into 
history of Experimental and Theoretical high energy physics 
research in India. Cosmic ray research was one of the first 
fields in India, where active High Energy experimental 
research began. The major players in the area after 
Prof. Debendra Mohan Bose were Prof. Homi Bhabha,         
Prof. Vikram Sarabhai, Prof. Piara Singh Gill,                          
Prof. M.G.K. Menon, Prof. B.V. Sreekantan,                            
Prof. Sukumar Biswas  and Prof. Yash Pal. Where, in this list 
is Dr. Bibha Chowdhuri, their contemporary?                               
Dr. Bibha Chowdhuri was a gifted physicist who worked with     
Prof. Debendra Mohan Bose and published in journals such as 
Nature and Proceedings of the Physical Society of London [7].  

She did her research work at the P.M.S. Blackett laboratory at 
the Imperial College London. With such sterling credentials 
Prof. Homi J. Bhabha invited her to join the newly established 
Tata Institute of Fundamental Research (TIFR), Bombay, in 
1949. She was the first woman to be hired in this group. She 
served in renowned institutions of the country and was a 
tireless researcher till she died in 1991, unsung and 
unheralded, in Calcutta. In an interview to The Manchester 
Herald during her research days, Dr. Chowdhuri had said, 
“Women are terrified of Physics — that is the trouble. It is a 
tragedy that we have so few women physicists today... count 
the women physicists I know, both in India and England, on 
the fingers of one hand. At school, scientifically-inclined girls 
choose Chemistry; perhaps because a really sound grasp of 
Higher Mathematics is one essential of any physicist’s 
equipment.” 

At the time of Dr. Bibha Chowdhuri’s sojourn at TIFR, there 
were two male colleagues from Indian institutions with similar 
credentials.  They were Prof. B.V. Sreekanthan and 
Prof. Sukumar Biswas.  Both made rapid progression in the 
TIFR academic hierarchy, became Fellows of Science 
Academies and rose to become Director and Dean. In contrast 
as a scientist with exceptional starting credits,                             
Dr. Bibha Chowdhuri traversed on a path where no accolades 
got showered on her. In fact, the paper published by Prof. D.N. 
Bose and her in “Nature” explicitly states “It was concluded 
that the heavy ionization tracks found in Ilford New Halftone 
plates kept exposed to cosmic rays at Sandakphu (12,000 ft.) 
were chiefly due to mesotrons. This work was quoted by 
Powell (in whose group Prof. M.G.K. Menon later worked, 
before arriving at TIFR as a Reader in Physics in 1955) in his 
Nobel prize winning work, done seven years later than          
Prof. D.M. Bose and Dr. Bibha Chowdhuri. While                     
Dr. Bibha Chowdhuri’s co-workers at TIFR got benefits from 
their association with Nobel Laureates, she remained on the 
periphery of Indian academic institutions.  

Much of today’s high energy community is the offspring of 
the Cosmic ray, Emulsion and Bubble chamber groups of the 
period 1950 to 1978. Although The group set up by 
Prof. Bhabha has been often cited, parallel groups were there 

in North India, from which many of today’s women high 
energy experimentalists are descended. In particular, 
Prof. P.S. Gill, who had joined TIFR in 1947 and had carried 
investigations on high altitude effect of Cosmic Rays at 
Lahore, moved to AMU Aligarh in 1948 to set up his own 
independent research laboratory at Gulmarg in Jammu & 
Kashmir (J & K) state. Researchers trained in his laboratory 
led to the initiation of several Emulsion groups in Panjab 
University, University of Jammu and University of Rajasthan 
by the students of Prof. P.S. Gill some of whom were            
Prof. I.S. Mitra, Prof. Yog Prakash and Prof. Lokanathan 
respectively. Some of the women experimentalists in these 
groups are now involved in leading high energy physics 
collaborations in India and we will acquaint you with the ones 
who have made a significant contribution in this article. 

To situate this article on the Theoretical High Energy physics 
side, one must begin with the group of Prof. S.N. Bose and his 
students in Bengal, that of Prof. Alladi Ramakrishan in 
Madras and the Physics department at the University of Delhi 
with its triumvirate of Particle Physicists 
Prof. R.C. Mazumdar, Prof. A.N. Mitra and 
Prof. S.N. Biswas. These were three of the earliest places 
where women theoretical physicists were trained. There were 
very few women in theoretical high-energy physics 
immediately after independence in India. However, as the new 
central universities and IIT’s sprung into existence and many 
well-trained particle physicists were employed there, the trend 
soon changed and women in theoretical high energy physics 
became visible and continue to thrive today. 

Women in the Experimental HEP community in 
India 

Dr. Bibha Chowdhuri’s immediate successors were women 
involved in the cosmic ray and emulsion efforts in India. The 
emulsion group in North India at the Universities of Panjab, 
Jammu, Rajasthan and Delhi were among the first to train 
women in particle search methods. This involved painstaking 
analysis under the microscope of thousands of exposed 
emulsion plates from the balloon observatory at J & K and 
Hyderabad. These women went on to collaborate on 
accelerator experiments at Fermilab and CERN, contributing 
to such pioneering discoveries as that of the top quark and the 
Higgs Boson. However, they experienced some intense gender 
bias and labelling because they were women. One of the 
earliest researchers in the field is Prof. Suman Beri, who began 
her career in the 1960s in the emulsion lab at Panjab 
University and became the first woman faculty member in the 
Physics Department. In 1970, Prof. Beri does not recall 
meeting any other woman research scholar in India in the 
field, but there were women working in theoretical high 
energy physics. Most found the precision of analysing 
emulsion plates very tedious.  There was some feeling that the 
more cerebral jobs should be done by the men. She was about 
to resign after marriage as her husband was in Mumbai, but 
her advisor Prof. V.S. Bhatia suggested she take study leave 
and  continue  her  work  at  TIFR,  where  she  met  many who 
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encouraged her to work. She slowly shifted her focus to 
general analysis techniques and became a part of the D0 
collaboration. By that time, she had another female colleague 
(Prof. M. Kaur.) working with her and she recalls her male 
colleague saying “I am the only one working on the analysis, 
the other two are ladies”. At Fermilab, she got acquainted with 
an Indian American women physicist Dr. Pushpa Bhatt, with 
whom she struck a collaborative friendship and contributed to 
neural network studies of top quark data and Bayesian 
estimation in LHC data. She guided many women students to 
get Ph.Ds in high energy Physics and continues to be an 
emeritus professor at Panjab university, again the first woman 
to be so. Her quiet and unassuming demeanour is perhaps one 
of the reasons she has not get the credit and recognition that 
she deserves. At Jammu university, the group started by Prof. 
Yog Prakash also trained women physicists. The first among 
those is Prof. Anju Bhasin, who went on to contribute 
significantly to the RHIC at Brookhaven and ALICE 
experiment at CERN. Being in ALICE, which works towards 
gender diversity contributed significantly to Prof. Bhasin’s 
sense of confidence and success. She also gained 
administrative accolades by being the first woman vice 
chancellor in J & K, where she leads the Jammu                   
cluster University. At the University of Rajasthan,                                  
Prof. Rashmi Raniwala did not find life very pleasant during 
student days. She started in Prof. B. Lokanathan’s group, but 
after his retirement Her subsequent supervisor, was a little 
uncomfortable with her straight forward and non-diplomatic 
attitude. Consequently, when the research group joined a new 
Collaboration Experiment at CERN, she was not made a part 
of it.  It was a “boys club” and colleagues junior to her were 
inducted in the CERN experiment. The issue escalated so 
much that she and her husband broke away from the group and 
worked from home. She later went on to encourage some very 
active young women masters students in HEP experiment such 
as Dr. Seema Sharma of IISER Pune. The group at Delhi 
University was setup by Prof. R.K. Shivpuri. A lot of women 
HEP experimentalists were trained there, but it was               
beset with controversy including harassment charges.              
Dr. Archana Sharma at CERN and Dr. Neeti Parasher at 
Michigan are some of the successful women experimenters 
that emerged from the group. From anecdotal references, the 
students were left largely to their own devices, which accounts 
for the ambition to survive and succeed of the women from 
that group. These women were also taught how to assume 
administrative positions in HEP, and a number of his students 
went on to assume such roles. 

Though TIFR rose to international excellence in sciences, it’s 
record for gender diversity in Physics faculty remains 
abysmally low. However, the success of its international 
collaboration in LEP and later D0 and LHC lead to a number 
of female students being trained at TIFR, who have become 
very good scientists.  Faculty hiring of women in the HEP 
experimental group did not begin till the 1990s,                       
Prof. Kajari Majumdar, a TIFR alumnus and                             
Prof. Sudeshna Banerjee from University of Notre Dame were 
hired. In an allied field, Prof. Vandana Nanal, a physicist 

trained in nuclear and accelerator physics at TIFR and 
Argonne National laboratory (USA) leads the TIFR search for 
double beta decay team. So there was a time lag of almost 40 
years between Dr. Bibha Chowdhuri’s tenure at TIFR and the 
next woman scientist on the faculty in experimental HEP. 
Prof. Majumdar is now a senior professor at TIFR and was 
also a India CMS spokesperson. Prof. Banerjee felt no obvious 
discrimination at TIFR and describes any tension between 
faculty as merely that of differing temperaments. The women 
trained there (and now there are quite a few) have contributed 
a lot to the LHC experiment. 

It is now not an anomaly to see many Indian women in HEP 
experiment and many leaders among the US and Canadian 
universities, such as Prof. Sampa Bhadra, Prof. Pushpa Bhatt 
and Prof. Usha Malik trained in Indian Universities and 
Institutes. In fact, in major scientific experiments the presence 
of a larger number of Indian women than any other nationality 
is quite visible.  However, they have been constantly subject 
to gender schemas, a set of implicit, or unconscious, 
hypotheses (by both men and women) about sex differences 
that play a central role in shaping women and men’s 
professional lives. The most important consequence of gender 
schemas for professional life in high energy physics is that 
men are consistently over rated, while women are under rated. 
With the entry of a large number of talented women in the field 
and a shift in the recognition given to some of the successful 
women, the landscape is, however, changing towards the 
better.  One reason is the conscious diversity effort to add to 
women in leadership roles in HEP experiment. 

Women in Theoretical High Energy Physics in Post 
Independent India 

Just as the publication of the book on Dr. Bibha Chowdhuri 
has given rise to a discussion on women in experimental high 
energy physics, the publication of the book “Lilavati’s 
Daughters” edited by Prof. Rohini Godbole and                      
Prof. Ram Ramaswamy [8] (and subsequent works [9]), 
brought into the limelight the lives of 100 women scientists.                     
Prof. Rohini Godbole, a theoretical high energy physicist, is 
known for her pioneering work wherein she proposed one of 
the most striking signals of top quark search. Her contributions 
to the general area of particle and collider physics have been 
highly acclaimed internationally. Prof. Godbole has also 
worked towards pioneering programs to raise awareness on 
the subject of women in science. She remains one of the most 
decorated women in high energy physics, having both the 
Padmashree and the French Legion of Honor. She did not, 
however, emerge from a vacuum.  

In the 1950s, many universities had vibrant particle physics 
groups setup by eager and talented young people trained in the 
US and England by very eminent physicists. Many talented 
students, including women students studied theoretical 
physics. Many of these women went on to make a name in 
theoretical physics, although some very eminent ones like 
Prof. Bimla Buti and Prof. Radha Balakrishnan, who initially 
were taken in by the lure of particle physics, changed their 
fields to other theoretical disciplines.
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In Madras (Chennai), Prof. Alladi Ramakrishnan, after his 
return to from the Institute for Advanced Study in 1958, 
Ramakrishnan began a Theoretical Physics Seminar in his 
family home Ekamra Nivas (house with a mango tree). In the 
seminar he presented lectures on the latest advances in 
theoretical physics to a small group of students, and invited 
leading scientists from the world to address the students.         
C. Subramaniam, a minister at that time arranged for an 
institute then called Matscience, now the Institute of 
Mathematical Sciences. In his memoirs C. Subramanium 
mentions that “Jawaharlalji was greatly impressed by the 
enthusiasm shown by the students [of Professor 
Ramakrishnan]...and in particular to see four girls among 
the students. When the students told him that they needed an 
institution for the development of theoretical physics and 
mathematics, he asked me to examine the proposal and put up 
a note for his consideration.” 

The four girl students were G. Bhamathi, R. Thunga,                 
T. K. Radha, and  S. Indumathi.  Prof. Bhamathi went on to 
make a career in particle physics by going University of 
Colorado, Boulder as a postdoc for a year and returned to 
Madras and was appointed as a Pool Officer in the Theory 
division of the Physics Dept. at the University of Madras. She 
applied for the position of Reader in Physics and got selected 
in 1966. Subsequently, through another selection process 
became a Professor in the same department. She contributed 
greatly to phenomenological studies in Particle Physics. In 
1992, she married the legendary physicist E.C.G. Sudarshan 
and went to Austin where she continued her research. She is 
now known in India more for this fact than the hundred papers 
she has published, and the fact that she was the first woman to 
be chair of a theoretical physics department in India. She says, 
“I must add that the 60s and 70s were still very traditional 
environment in Madras and people did not step out of their 
boundaries easily. There were heads of other Departments 
who did not believe in gender equality. But socially accepted 
behaviour constrained them from exhibiting it openly. I was 
determined to show, whenever necessary, that women are just 
as capable as men are given the opportunity.” She goes on to 
say after I sent her an email, “I am glad you mentioned 
Dr. Bibha Chowdhuri in your email. When I got your first one, 
I was thinking of her, also a loner in Cosmic Ray Physics. We 
used to meet her at the Cosmic Ray and Particle Physics 
conferences in the 60s. Despite being in TIFR, she too must 
have faced quite a bit of isolation and lack of recognition.” At 
Chennai, in the erstwhile MATSCIENCE, now IMSC,        
Prof. D. Indumathi is one of the pioneers leading the INO 
collaboration in neutrino physics. It may be mentioned that 
there are many women scientists in INO collaboration and a 
large number of women PhD students have graduated from the 
INO graduate training programme. In fact, neutrino physics 
remains one of the most gender diverse field of particle 
physics in India with an impressive list of highly talented 
women. 

In Kolkata, The Presidency college, Calcutta University and 
later Saha Institute and S.N. Bose centre produced many 

theoretical physicists. In the 60s and 70s one did not hear of 
many women who rose to high positions. Prof. Mira Dey and 
Prof. Lali Chatterjee were two dynamic women theorists at 
this time, they contributed both to nuclear-particle physics and 
fusion physics. Later the neutrino groups in Calcutta under 
Prof. Amitava Raychoudhuri and Kamales Kar had very 
enterprising women students- Prof. Goswami and                 
Prof. Sandhya Choubey, who have made a mark in Neutrino 
Physics. Their paper was one of the first papers to do the 
analysis of the Sudbury neutrino observatory data in terms of 
neutrino oscillations. This work established their groups as an 
internationally acclaimed group in this field. However, they 
reached the top on a slippery path full of hurdles. In fact,  
Prof. Sandhya Choubey recalls being taunted that her work 
was “not theoretical enough as there is no gmunu” so 
somewhat inferior to esoteric string theory. Needless to say, 
with her professorship at the prestigious KTH Royal Institute 
of Technology, Stockholm, she has had the last laugh.  
Prof. Goswami is considered an international expert in the 
field of neutrino physics. 

The IITs opened up new doors for theoretical physics, and 
even though the number of women students was low, they 
went on to become high energy physicists of repute.  Prof. 
Godbole set the example at IIT Bombay with her sojourn at 
SUNY Stonybrook. Many followed her there including, Prof. 
Neelima Gupte and Prof. Sumathi Rao. They all began in 
HEP, but later diversified. Very often due to the two-body 
problem of being a husband and wife in the same field and 
being compared to each other.  

Another university which has produced women theoretical 
high energy physicists of note is the Utkal University 
Bhubaneshwar. Even in the 70s when women professors were 
not seen, there were two women professors on their faculty, 
one in Nuclear Physics, Prof. Mamata Sathpathy, and one in 
astrophysics, Prof. Pushpa Khare. Later, Prof. Swapna 
Mahapatra joined. Prof. Mahapatra is one of the very few 
women doing string theory in the country. The other being 
Prof. Rama Devi at IIT Mumbai, who works on topological 
field theories and strings. Both have had good support from 
their colleagues, but have remained quietly working on the 
sidelines while their contemporaries are directors and fellows 
of various academies. It is their love for Physics which keeps 
them going, not their want of laurels.  From the Utkal group, 
a number of young women theoretical physicists emerged. 
Prof. Rukmani Mohanta and Prof. Amruta Mishra are two 
highly published notable particle physicists, who have 
contributed to heavy flavour physics and strong interaction 
physics respectively. Prof. Mohanta’s group has trained many 
young women graduate students, who are already making a 
name for themselves. However, because of their unassuming 
and somewhat subdued nature, they have not gotten the 
recognition they deserve. 

I cannot give an exhaustive list of the women in theoretical 
high energy physics. I have given selective examples of how 
the scale is not even for men and women. I will end with              
a few personal experiences  of  discrimination  I  faced  in  my 
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journey through particle Physics. I was a Ph.D. student of  
Prof. Y. Nambu, Nobel laureate. I always felt I was equal to 
my male peers, but inevitably my credentials were questioned. 
Not having a social life outside the field, it is invariable for 
women physicists to marry their colleagues in physics. 
Sometimes they are collaborators. In an interview for a job in 
Kolkata, I was talking about a joint paper with my husband. 
No physics question was asked only what did I contribute to 
HIS paper. I too replied the same as I did to our child. 
Inevitably, again and again in husband-wife joint papers of 
many of my colleagues it was always assumed that the main 
contribution was the man’s. During the time I was applying 
for post-doctoral positions, I was expecting a child. Doors 
closed, offers were rescinded not only in India, but places like 
Germany too. It was only the kindness of Prof. Salam that I 
could do a post doc at ICTP and be a mother at the same time.  
Ever since a teacher in my M.Sc. lab said to me “go home and 
make rotis, do not take away a poor man’s job”, I have been 
determined to make a name for myself in Physics. I have 
worked on topological field theories, quark-gluon plasma  and 
analogues of Hawking radiation in the lab on the highly 
theoretical side and have in my older years become interested 
in experimental neutrino physics, in order that students at the 
University of Hyderabad get a chance to work in mega science 
projects, an opportunity not given to them in the past. For this, 
I have been ridiculed as “unfocussed”. Never a follower, I 
have gained very few laurels.  

Whenever possible, one must encourage young women to 
fight for their rightful place in academia. A universal theme, 
with which I concur, is that the partners of successful high 
energy   physicists   have   been   encouraging.   Many   of   the   

successful women have decided to remain single and dedicate 
themselves to physics. The ones that have children have had 
great family support. One would not have to make such a 
statement for men.  We are definitely seeing an upward trend 
in women doing high energy physics and there are some very 
exceptional ones. This trend will increase if we make a 
conscious effort to be inclusive. With gender equality 
measures now being stipulated into science and technology 
policies, we have to make sure that the diversity effort is such 
that we women can truly hold up half the sky. 
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Abstract 

A brief history of the efforts of the women in physics since 2000, which led to the launch of the working group for gender 

equity in 2017 as a part of the Indian physics association, is presented. As part of this history, the impact of the International 

conferences on women in physics held by the International Union of Pure and Applied Physics (IUPAP) in India and how it 

contributed to the work on gender equity in science in India is also discussed. 

 

 

Introduction  

There have always been individual women working in 

physics in India, starting from the pre-independence era. 

However, the recognition that women physicists face gender-

based impediments in their progress through their career and 

the need to address them has only come in recent times. The 

working group of women in physics in India, as part of IPA 

and as a liaison to the International Union of Pure and Applied 

Physics (IUPAP) working group on women in physics, was 

finally set up only in 2017. Here, we try to give a history of 

the setting up of this group. 

The story started when Prof. Nandini Trivedi, a condensed 

matter faculty at the Tata Institute of Fundamental research 

(TIFR) was asked by Prof. Judy Franz, in 2000, to join an 

IUPAP working group on women in physics to learn about the 

causes for the under-representation of women in physics. This 

group had been set up by Prof. Burton Richter, who was the 

president of IUPAP, when Judy Franz was the Associate 

Secretary general of the IUPAP. The first task of the group 

was to collect data on women in physics education and 

employment starting from literacy level to first degrees, all the 

way up to Ph.D. and employment in different countries. For 

India, this was obtained and presented by Nandini Trivedi 

through a great deal of effort using various government 

channels and she reported about the status of women in 

physics in India at the first meeting of the group in June 2000. 

At that meeting, it was decided that the working group 

themselves would collect more personal data and survey the 

status from the different IUPAP countries and recommend 

ways to increase participation. However, since she was 

leaving India soon after, she requested me to take over as the 

representative from India, with the first task of organising and 

collating a questionnaire on women in physics that had been 

prepared by the working group, for about 30 working women 

scientists in India, who then collected, analysed and presented 

the results of the survey to the working group in the next 

meeting at CERN, Geneva in 2001. The sample was a biased 

one since it was sent essentially through a ‘friends’ network 

and mainly comprised of women scientists in research 

institutes and the Indian Institutes of Technology (IIT), but it 

was the beginning of the survey. Surprisingly, the results 

showed that most women physicists in India, at that time, 

including me, felt that there was no bias as such against 

women in physics in India, but that there were hurdles in 

getting ahead, mainly due to individual issues and family 

problems. 

The initial surveys which were limited to about 30 members 

in each of the IUPAP countries then set the stage for various 

other talks and discussions at the meeting, and the IUPAP 

working group decided that the first task of the group would 

be to organise a meeting of women physicists all over the 

world in Paris in the summer of 2002. The idea was to survey 

the status of women in physics from all over the world, learn 

where the problems are and learn how to mitigate them and 

improve the climate for women in physics all over the world.  

Since it was not always clear how to contact women in physics 

in different countries, particularly since many third world 
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countries in Asia and Africa did not maintain such lists, the 

working groups in different countries were initially made 

essentially through informal contacts and word of mouth.  The 

IUPAP working group decided that besides having talks on 

statistics and working groups on some specific topics which 

were decided, we would also showcase success stories from 

different parts of the world. Since I was from India, I was 

asked to suggest the Asian success story, and after discussion 

with a few women physicists from India, it was clear that the 

decision was pretty unanimous, and Prof. Rohini Godbole was 

suggested as the Asian success story.  

The organisation of the first conference in March (7-9) 2002 

by the IUPAP working group of women in physics was a 

major success thanks to the committed work of the then 

working group consisting of Marcia Barbosa, from Brazil who 

was the chair, and Judy Franz, who was the IUPAP liason 

person from USA. The other members of the working group 

included Ling-An Wu from China, Herwig Shopper from 

Switzerland, Barbara Sandow from Germany, Elisa Molinari 

from Italy, Beverly Hartline and Katherine Gebbie from USA, 

Yosr Gamal from Egypt, Hidetoshi Yukuyama from Japan, 

Kwang-Hwa Chung from Korea and Sumathi Rao from India 

– a really mixed group from all over the world. (Since the 

gender is not obvious from the names, let me also mention that 

the representatives from Switzerland and Japan were men, 

partly because the gender ratio was exceptionally skewed in 

those countries!). The conference was to be held in Paris, and 

to have representation from all over the world, and from 

women physicists who were not likely to find funding easily, 

it had to be fully sponsored. Fortunately, we found enough 

sponsors, and there was representation from most of the 

countries we managed to contact. 

This was a very important conference for women in physics 

all over the world. For the first time, a large group of working 

women physicists met among themselves and realised the 

extent of the global problem. The Indian physics contingent, 

consisted of 5 members which included Rohini Godbole as the 

Asian success story, Neelima Gupte from the Indian Institute 

of Technology (IIT) in Chennai, Jyoti Gyanchandani from 

Bhabha Atomic Research Centre (BARC) in Mumbai,     

Sunita Nair, a postdoctoral fellow from Raman Research 

Institute (RRI) in Bangalore and myself from Harish-chandra 

Research Institute (HRI) who was the team leader. The 

commonality of the problems faced by the women in 65 

countries surprised and really struck a chord with us. For the 

first time, we had access to the painstaking and careful 

statistics that had been collected and analysed from all over 

the world, which   exposed the under-representation of women 

and the inequitable treatment meted out to them at every stage 

of their careers. Many of us began to realise that our problems 

regarding achievement and recognition were not just personal, 

but more a result of systematic discrimination. In the first 

conference, the members of the working group divided 

themselves into six subgroups that would look at problems at 

different levels. I was a member of the working group that 

discussed ways of attracting more girls into physics at the 

school and college levels and what could be done at that stage 

to maintain their interest in physics. When we presented the 

data and ideas from India, we found that India was not doing 

too badly in comparison with many other countries, and young 

girls were less discouraged from pursuing science than in 

many developed countries. The problems for Indian women 

started a little later. 

At that time, we did not have any data on women in physics 

or even women in science to present at the conference, besides 

the data that I had collected and already sent to them. So for 

our country report, we decided to present a poster highlighting 

the work of women physicists from several parts of the 

country and at several levels, including high school teaching. 

The women whose work was highlighted include                         

Aditi Mukhopadyay, who taught physics in a high school in 

Allahabad, Pratibha Jolly who was the principal of Miranda 

House, college for women in Delhi University,             

Chayanika Shah, who taught at Somaiya college in Mumbai, 

Pushpa Khare from Utkal University in Bhubaneswar,       

Hema Ramachandran from Raman Research Institute (RRI) in 

Bangalore, Parangama Sen from the University of Kolkata, 

Pushpa Rao from BARC, Radha Balakrishnan from Institute 

of Mathematical Sciences in Chennai and Rathnashree who 

was the director of the Nehru Planetarium in Delhi [1]. This 

clearly showcased women from different parts of India and 

working at various different levels. The poster session with 

posters from 65 countries was one of the most interesting parts 

of the conference. It was awe-inspiring to see the levels of 

individual commitment and achievement of often isolated 

women from far-flung places, including from places in sub-

Saharan Africa. At the end of the meeting, we arrived at a set 

of specific recommendations at various levels including ways 

to attract girls to physics, to launch a successful career, to 

maintain a balance between life and career and to get women 

into leadership positions. This meeting was followed by the 

24th general assembly of the IUPAP in Berlin in October       

(7-12) 2002 (attended by Neelima  as  the  women  in  physics 

  
From my undergraduate days in IIT Delhi and graduate 

student days in the US (Cornell and Urbana) to my days as 

a faculty in theoretical physics at TIFR, I faced different 

types of challenges at each place- often discriminatory 

targeted at me as a woman, that eroded my confidence. 

However, the joy of physics and of learning has always 

been there with me and that’s the reason I am still doing 

what I am doing. I would like to work to make the climate 

in physics be encouraging, nurturing, and participatory for 

all, especially for women, so they develop the confidence 

to discover, get credit for their discoveries and have 

agency over their careers.  I am happy to have been one of 

the initiators for “women in Physics” groups in India. 

Nandini Trivedi 

Ohio State University, USA 



Physics News 

79  Vol.51(1-2) 

representative from India and Rohini as part of the Indian 

delegation) where the recommendations from the IUPAP 

women in physics meeting were endorsed and a summary 

resolution on enhancing the role of women in physics was 

passed.  

After the first meeting, the women physicists in India started 

networking informally and many of the women also started 

writing articles and giving talks at various universities and 

colleges highlighting the problems. (Many of us remember 

that in the early years, even mentioning sexual harassment was 

discouraged by the editors and administration in general and 

one had to insist that it was needed!). The group also needed 

to collect data more systematically. Rohini, who was then a 

fellow of the Indian National Science Academy (INSA) was 

part of a committee which met on March 8, 2003 and brought 

out the INSA report (October 2004) [2] on ‘Science career for 

Indian women’, which was an examination of Indian women's 

access to and retention in scientific careers. This was at least 

partly due to the IUPAP general body recommendations and 

so, in India, the IUPAP women in physics conference first 

seeded activities for women in science. But it is unfortunate 

that we perhaps still don't have an equivalent report on women 

in physics alone, although much more data is available now, 

than was available about 20 years ago! Perhaps this can now 

be done by the IPA. The women physicists in India also started 

having sessions on women in physics in national and 

international conferences that were held in India. One of the 

prominent ones was the special session on women in physics 

hosted by Neelima Gupte in the International conference 

‘Statphys’ held in Bangalore in March 2004. Another 

prominent international conference was arranged by                

Dr. Pratibha Jolly in New Delhi in September 2005, which had 

a full session on nurturing women in physics.  

The second IUPAP women in physics conference held in        

Rio de Janeiro in Brazil in 2005, followed up on some of the 

topics that were introduced in the first conference. Our 

contingent had Shobhana Narasimhan from Jawaharlal Nehru 

Centre (JNC) in Bangalore, Pratibha Jolly and Neelima Gupte 

besides myself. The discussions there were similar to the ones 

in Paris, but there had been much more data collected by many 

more countries by then. From India too, we had the data from 

the INSA report which we could present [3], but the data that 

we presented on women in physics (as opposed to women in 

science) was very sketchy and had been obtained by ourselves 

through informal networks. This is still important because 

some of the discussions even today focus on why women are 

less represented in physics than in other sciences like biology 

and chemistry, so we do need detailed data on women in the 

subfield of physics alone. The take-away point for us from this 

conference was that we still had a long way to go. 

By the time, the third IUPAP conference was held in South 

Korea in 2008, the conferences were beginning to make a 

difference. Until then, much of the communication was 

between the women physicists themselves. The first 

conference in Paris had been fully funded by the sponsors and 

we managed to attend the second one with individual partial 

support from DST and institutional support. 

The first conference in Paris had been fully funded by the 

sponsors and we managed to attend the second one with 

individual partial support from DST and institutional support. 

But with the need to widen the pool of women scientists who 

could attend came the need to find money for travel to the 

conference, and so we started writing to the different 

academies and to the DST. We wanted to make a local 

working group of women in physics, but it was not clear which 

organisation could take it up. The academies could not do it, 

because most women were not members of the academy since 

it was by election. Groups like DST were more funding 

agencies. The IPA should have been the natural choice, but 

most of us were not familiar with it and were not members. So 

there was no central list of women physicists to whom one 

could write and ask for applications. Fortunately, by 2008, 

even by word of mouth, we got a wider participation of women 

from India, including Vineeta Bal from DST, Nutan Chandra 

from Jamshedpur, Sumati Surya from RRI in Bangalore, 

besides some of the ones who had been to some of the earlier 

meetings like Shobhana, Pratibha and myself. Pratibha, was  

in fact one of the six plenary speakers at the conference and 

 
The First International Conference on Women in Physics, 

contributed in a significant way to the beginning of 

discussion and study of the subject of participation 

of women in cutting edge science, at the level of India's 

science academies. Quite a few programs have been put in 

place by various science departments of the 

governments, to facilitate more efficient and more 

numerous participation of women in science.  Clearly, 

quite a bit more remains to be done still! Most important 

among that is for everybody to realise that just as science 

is important to women, women are important to science. 

Diversity can only add to the multidimensional space of 

scientific investigations and also sometimes explore not so 

well trodden paths! 

Mainstreaming of 'Equity and Inclusion' across all aspects 

of Science, Technology and Innovation Policy (STIP-

2020), has been a very welcome step. The next step 

towards increasing gender equity, is to develop an India 

centric E&I charter and also to raise awareness, at the 

level of all scientists, institutes and the society in 

general, of the 'invisible biases' that women scientists face. 

We also need to have Indian studies - whether our 

education as well as competitive examinations/tests are 

gendered and if the answer is yes, how can they be 

ungendered. 

 Rohini Godbole 

Indian Institute of Science, 

Bengaluru 
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spoke about research and innovation in physics education. 

Besides, Nutan and Anita also presented papers in the parallel 

sessions and I was part of the organisation of the workshop on 

personal professional development. 

 

 

ICWIP2017 (University of Birmingham, UK): The Indian 

team members with the India country poster (L to R: Urbasi 

Sinha, Country Team-Leader Lekshmi Resmi, IUPAP WG 

member Prajval Shastri, GIPWG members Suchetana 

Chatterjee, Srubabati Goswami, and Suratna Das.) 

We also presented [4] the many more initiatives that had been 

taken up in India as well. One of the more prominent ones was 

the formation of the women in science panel by the Indian 

Academy of Sciences in 2005. This led to  the  publication  of 

Lilavati's daughters’ [5], which contained essays written by 

about 100 working women scientists in India, and edited by 

Rohini Godbole and Ram Ramaswamy from Jawaharlal 

Nehru University (JNU) in Delhi. The conference in Seoul 

was also the first conference where they had a poster session 

where the women could talk about their work as well. This 

was introduced partly because it was easier for the women to 

obtain funding if they were presenting a paper about their 

work. 

 

After that meeting, I stepped down as member of the working 

group and as the Indian team leader and Shobhana took over.  

She was then followed by Prajval Shastri, who finally 

succeeded in setting up the Indian working group of women 

in physics under IPA in 2017. So many years after the first 

informal baby steps were taken, we finally have an 

institutional existence, rather than just existing as an informal 

group of women working for improving the climate for 

women in physics in India. This has been a major achievement 

over the last 20 years. It has been particularly gratifying that 

the launching of the working group on gender in physics was 

with a bang – the very issue of Physics news where the 

launching of the group was announced had all its articles 

written by women scientists and was even guest edited by two 

women scientists [6]. We hope that this initiative continues 

and also that there are many more articles solicited from 

women scientists in all the Indian publications. 

  

  
The women in physics conferences brought many of us 

together and inspired us to look at our world of physics 

through the gender lens. We self-organized ourselves as an 

advocacy group and began nudging for change. It is 

heartening to see that many ideas that emerged in the early 

years have been implemented. We now have the ‘women 

in physics/science’ groups and national task force, 

schemes to enable return after break in career and 

mobility, strong focus on early nurturing/mentoring 

programmes for girls in STEM, better networking 

opportunities, and increasing emphasis on capacity 

building programmes. However, there is yet the perpetual 

gender gap and the unfinished agenda that defies two 

decades of sustained effort.  

As the call for an equal future grows, it is imperative to 

rethink policies, and urge greater sensitization at the 

institutional level for self-propelled action. On the 

continuum of our collective insight from ICWIP charters, 

GATI (Gender Advancement for Transforming 

Institutions), a novel intervention programme launched as 

a pilot by DST might prove to be that game changer.  

Pratibha Jolly 

PI, GATI 

 
When I was a PhD student at TIFR, Bibha Chowdhuri 

neither came up in physics conversations nor in general 

chatter. This was despite her multiple discoveries linked to 

Nobel Prize science, and joining TIFR at the invitation of 

Homi Bhabha himself. This decades-long 

extraordinary invisibility is just another symptom of the 

gendered nature of our physics enterprise.  The evidence 

from gender diversity deficits in prestigious academies 

and awards, decision-making committees, and authorships 

of even low-key publications like Physics News, is already 

documented and incontrovertible. The launch of the 

GIPWG has no doubt resulted in leaps of progress: an open 

discussion on sexual harassment at our kick-off event at 

ICTS-TIFR, a first-of-its-kind interdisciplinary national 

conference (Pressing for Progress 2019) and the 

Hyderabad Charter which is an actionable pathway 

towards gender equity. However, we still have a very long 

way to go before gender becomes irrelevant in physics. 

Prajval Shastri 

International Centre for 

Theoretical Sciences, TIFR, 

Bengaluru 
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The Gender in Physics Working Group of the IPA at the Kick-

off event of the group in ICTS-TIFR: Pressing for Progress 

2018 

To conclude, I would like to reiterate one of the main 

objectives of having a working group for gender equity in 

physics – to overcome the ‘invisibility’ of women physicists 

to their peer groups and to provide a diverse and equitable 

working environment for everyone. 
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Although women in Physics in India has come a long way 

since the time of Dr. Bibha Chowdhuri, the statistics in 

terms of the number of women faculty members is not yet 

very encouraging. Younger generation is still facing some 

of the challenges that we had to endure and are not able to 

realize their true potential or are living as split families. 

This should change and it needs a conscious effort and a 

more holistic approach at all levels. I would also like to 

see more women in leadership positions. The Gender in 

Physics Working Group of IPA is committed for working 

towards bringing these changes. 

Srubabati Goswami 

Physical Research Laboratory, 

Ahmedabad 
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A report on IPA50 webinar series “New Horizons in Physics” 

 

As is well known, IPA was founded in 1970 and completed 

fifty years in 2020. This is an important milestone for IPA, 

which has played a major role in building and nurturing the 

physics community in India. However, unfortunate 

circumstances arising due to the COVID-19 pandemic 

severely limited the scope of IPA50 programs. A special 

webinar series “New Horizons in Physics (IPA50)” was 

organised during Sept. 2020 to March 2021, with an emphasis 

on acquainting the young researchers with the latest 

developments in the topics of contemporary interest in 

different branches of physics and major upcoming projects. 

The lectures were organised on every Saturday and were live 

streamed on IPA YouTube channel.  

The series began with a lecture from eminent particle physicist 

Prof. Rohini Godbole (FASc, FNA, FNASc, FTWAS) on 

“Shedding light on Dark Matter at LHC” on 5th Sept. 2020, 

and concluded with a lecture from Prof. Ashoke Sen (FRS & 

Distinguished Professor, HRI) on “Classical gravitational 

radiation from quantum amplitudes” on 6th March 2021. A 

total of 26 lectures were organised spanning a very broad 

range of topics from phase transitions, neutrinos, quantum 

technologies, nano-materials and devices, nano heat engines, 

future accelerators, strongly interacting matter as well as 

applications of societal importance like solar cells, nano-bio 

sensors, materials for Bhabha kavach etc. 

A special IPA-APS joint lecture was organised as a part of    

this series on 27th Feb. 2020, which was delivered by                     

Prof. Subir Sachdev (Herchel Smith Professor of Physics, 

Harvard University and APS fellow). The program also 

included talks by IPA2020 awardees, namely, Prof. Bimla 

Buti on “Coherence and Chaos in Plasmas” (IPA RD Birla 

award 2020), Prof. R. Navalgund on “Remote Sensing: 

Science, Systems and Application” (IPA Murali M Chugani 

award 2020) and Prof. S.A. Mujumdar on “Optical Anderson 

localization in two-dimensional disorder system”                    

(IPA PK Iyengar award 2020). Additionally, a special event 

on “Gender in Physics” was organised as a part of this webinar 

series. This comprised a lecture “The life of Anandibai Joshi” 

by Prof. Ram Ramaswamy followed by a panel discussion on 

“Women in Physics: Where do we go from here?1”  

It is important to point out that the program was organised 

keeping “equity and inclusivity” in focus. The speakers 

represented universities and institutes from all over the 

country. Attempts were made to ensure good gender fraction 

(female to male ratio) in advisory committee (~20%), 

organising committee (~30%) and speakers (~30%). 

 

 
1 Separate report on this is included in the current issue 

The series received a very enthusiastic response and wide 

viewership on YouTube (average views per lecture > 300). 

Links to all IPA50 lectures are available on the IPA webpage 

(www.tifr.res.in/~ipa1970). Several IPA members and 

viewers have also sent appreciative comments. This seeded 

the idea of IPA monthly colloquium, which has started on       

3rd April 2021.  

We thank Dr. A.K. Mohanty, former President IPA (2018-20), 

Prof. S. Ramkarishnan, President IPA (2021–) and                   

Dr. S.M. Yusuf (Chair, IPA50 organising committee) for their 

support, encouragement and guidance. We are thankful to all 

members of the advisory committee, organising committee 

and all the speakers for making this webinar series a great 

success. Technical assistance from Dr. B. Satyanaryana, Dr. 

Sanjoy Pal and Mr. R.R. Shinde for online organization and 

webpage management is gratefully acknowledged. We also 

thank DAE-BRNS for providing financial support for this 

webinar series. 

P.C. Rout 

Secretary, IPA50 

pcrout2002@gmail.com 

Vandana Nanal 

Convener, IPA50 

nanal@tifr.res.in 

http://www.tifr.res.in/~ipa1970
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Women in Physics: where do we go from here? 

A report on panel discussion held by the IPA

The idea behind the panel discussion 

 

By the year 2020, the women in physics movement has existed 

for nearly 20 years, and metamorphosed from efforts by a 

band of individuals, to a reasonably well organised and 

collective movement which involved people all over the 

country and elsewhere, just like the IPA has evolved over its 

50 years of existence. The real situation faced by women in 

physics, and also in other sciences had changed enormously 

over the years, and much progress had been made. However, 

many challenges still lie ahead and that has been the prime 

motivation for this panel discussion in IPA50 webinar series. 

The panellists and topics were chosen from this point of view, 

and are linked to the articles here.  

The genesis of the current Gender in Physics Working Group 

of IPA lies in the International Union of Pure and Applied 

Physics group for women in physics, and the first WiPhys 

conference in Physics organised by them in Paris in 2002. This 

was an eye opener for those of us who attended it, in terms of 

perspectives, issues and action plan. Many times, most of us 

had not even realised that many issues faced by us, were in 

fact gender issues, common to all women. It was a heartening 

realisation that we were not alone, and there was a systematic 

approach to solving many problems. Many things have 

changed since those days. Some of the issues such as early 

career problems, dual career problems, and the difficulty of 

finding balancing family and the workplace, as highlighted by 

several panellists are now on the agenda of institutions, as is 

the involvement of women at all stages of decision making. A 

number of solutions have been proposed to the attrition of 

women in STEM from school levels to high level career 

awards, and have been successful to varying degrees. 

However, a number of serious lacunae remain, and need to be 

addressed if any further progress is to be made.  

Many of the efforts made at by institutional bodies, while 

helpful and highly essential, tend to reinforce gender 

stereotypes (e.g., once we provide enough creches, all 

problems will be solved). Many schemes tend to keep women 

on soft money and supplementary jobs, and do not provide 

adequate channels to join the regular streams of institutions 

where they can progress to high levels of achievement as well 

as recognition. Mentorship initiatives do not exist in a 

systematic way by which women can progress to high levels 

of achievement and their due recognition. The diversity 

initiatives, towards which the focus is now shifting, while 

laudable in themselves, do shift the focus from the inclusion 

of women. There is a reluctance to face the harsh fact that 

harassment issues are wide spread, and strict action needs to 

be taken to prevent them. Some of the early initiatives on this, 

such as guidelines on committees, and their constitution have 

in fact been diluted due to institutional apathy, and need to be 

strengthened again. Gender audits of all aspects of institutions 

are essential, with well-defined expectations of gradual 

improvement. The talks in the panel follow this chain of 

thought. We hope the coming years will see the improvement 

on all fronts. 

(Organisers: Neelima Gupte, Shobhana Narasimhan,            

Vandana Nanal) 

 

 

In the panel discussion organised as a part of the events that 

marked the fiftieth anniversary year of the IPA, a group of six 

panelists consisting of Prajval Shastri, Radha Balakrishnan, 

Sunil Mikhi, Nishita Desai, Pratibha Jolly and               

Bulomoni Kalita spoke on various issues relating to the 

situation of women intending to pursue a research career in 

Physics.  Comparing the experiences and reminiscences from 

the 1980s to those of today’s young women, great progress has 

been made in improving accessibility to education and 

reducing open hostility in the workplace.  Much work remains 

to be done to improve access to informal mentoring networks 

and sensitivity to cultural expectations that still generate an 

unwelcoming working environment and result in young 

women choosing to leave research careers (the so called 

“leaky pipeline”). 

Prof. Prajval Shastri led the discussion by presenting some 

recent scientific studies, in particular highlighting that Kumar 

et al. (2001) showed that there is no productivity deficit in 

women physical scientists compared to men and 

Subramaniam et al. (2014) showed that there is no competence 

deficit either.   Hearteningly, there is little perception at school 

or college level that girls do not have an aptitude for science.  

She argued therefore, that biases in higher levels of academia 

as well as social biases are ultimately responsible for the 
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skewed percentages of women in physical sciences.              

Prof. Shastri then presented the recommendations of the 

Hyderabad Charter which focuses on changing the culture in 

physics academia taking insights from social sciences and 

called on institution leaders to commit to making progress. 

Some interventions suggested include incorporating a 

sociology course in science curriculum and appointment of 

diversity officers to observe editorial boards and various 

nomination and funding committees.  

The Gender in Physics working group of the Indian Physics 

Association, active since 2016, has identified many next steps 

for improving representation statistics.  Among steps taken are 

inclusion of gender diverse individuals in IPA’s awards 

committees and mindful invitation of high performing women 

scientists to prestigious venues.  As a result, the fraction of 

women lecturers of the Raman lectures has increased from       

3 % to 30 % and the fraction of women Birla awardees has 

risen from zero to four percent. Over 300 physicists (both men 

and women) and 15 institutions have now endorsed the 

Hyderabad Charter. 

Ideas regarding mentorship initiatives were put forth by          

Prof. Sunil Mukhi who acknowledged that young female 

scientists often lack the same quality and quantity of support 

that their male counterparts receive.  He stressed that people 

who receive mentoring have been seen to have higher 

confidence and independence.  It also helps them plan their 

career trajectory better by warning of impending dangers or 

injustices built-in to the system.  Mentoring can also help 

women overcome hesitation in putting their work forward or 

asserting their equal rights to funding and institutional 

support.  He mentioned that when women face discrimination, 

they often see the only options as grin and bear it or speak up 

and be labelled as argumentative and hysterical.  Mentoring 

can help navigate these challenges.  Prof. Mukhi proposed 

three interventions — formalising mentorship groups for 

women faculty, regular audits of activities like hiring, 

promotions, seminars and committee work, and sensitising 

other faculty and administrative staff to subconscious forms of 

discrimination.  

Prof. Radha Balakrishnan then provided a first-person 

perspective of her own struggles that started after she returned 

to India in 1970 with a Ph. D in Theoretical Condensed Matter 

Physics from Brandeis University, USA. Unwritten nepotism 

rules meant that she could not be hired in the same DAE 

Reactor Research Centre as her scientist husband.  Nor was 

her suggestion to work there with funding from other 

government agencies acceptable. Since the centre was at an 

isolated place, there were no academic institutions nearby for 

her to find a job without breaking up her family with two 

children. With great initiative, she continued to publish papers 

from home (at a time of no internet and with no direct access 

to the only available library at the DAE Centre). In 1982, she 

was finally able to get a temporary research associateship 

position at the University of Madras, after her husband moved 

to IIT Madras.  She used this time to continue to publish and 

to teach MSc courses. She also switched her research field to 

Nonlinear Dynamics. She finally found a faculty position at 

IMSc, Chennai in 1987, nearly 17 years after her Ph.D.!  Her 

example highlights the strange catch-22 situations women find 

themselves in, when they try to balance family responsibilities 

with their career choices.  

The problems experienced by candidates applying for faculty 

jobs in India were highlighted by Dr. Nishita Desai.  Although 

the problems faced are the same for both men and women, 

they often disproportionately affect women applicants 

because men candidates have stronger informal networks and 

mentoring which provide grapevine information.  The main 

obstacle is a lack of transparency and timeliness in the hiring 

procedure.  There is no fixed timeline to finish the hiring 

process and it can take over a year and sometimes multiple 

years to complete, with no information available in between.  

Policies regarding interviewing and selection are ad hoc and 

unwritten. Dr. Desai suggested that institutes publish some 

minimum information that includes the cutoff date for the next 

round of selections, departmental priorities for hiring and the 

interview shortlist. An email to all applicants both to 

acknowledge their application and announcing the search has 

closed would go a long way in showing basic accountability 

and courtesy. 

A second perspective of a recent career journey in physics was 

given by the recollections of Dr. Bulumoni Kalita, currently 

an assistant professor in the Department of Physics, Dibrugarh 

University, who spoke on “Balancing Personal and Academic 

Life”. During her speech, she described her struggles to 

establish herself as an academic. Bulumoni’s journey started 

in a very small town in Assam as one of four siblings. Despite 

economic challenges, her mother’s bold decision to encourage 

her education was instrumental in breaking through the first 

barrier and Bulumoni secured admission to one of the best 

colleges in Assam, the Cotton College in Guwahati. She found 

her time there extremely uplifting and many teachers 

influenced her to move forward in the direction of pursuing 

physics as a career.  Bulumoni recalled the period of hard work 

during her Ph.D. in Tezpur Central University as she also 

married during that time and faced increasing difficulties in 

balancing her research and personal life.  After finishing her 

Ph.D., Bulumoni moved to Bengaluru to start a postdoctoral 

position at JNCASR, taking her small daughter with her as her 

husband remained behind for his job. She credits her 

postdoctoral mentor, Prof. Shobhana Narasimhan, with 

teaching her to remain positive in adverse situations, and 

especially to endure the attempts of her later colleagues who 

tried to sabotage her ability to do research as an assistant 

professor. She concluded saying that it is very much essential 

for a woman in science to be bold but she also has to be 

mentally and physically fit to balance her personal and 

academic life. 

The panel was rounded out by a presentation by                      

Prof. Pratibha Jolly on the recent Gati Initiative (Gender 

Advancement for Transforming Institutions) which is an effort 

by the Department of Science and Technology. GATI has been 

modeled on UK’s Athena SWAN initiative and touches many
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issues like discrimination, career progression, and 

demonstrating commitment at senior and leadership levels 

with the goal of recognising talents of all.  It plans to use 

measurable, achievable and time bound objectives to 

transform the culture and environment of scientific 

establishments. There are currently 25 pilot institutions 

envisaged that will implement the GATI initiative and        

Prof. Jolly encouraged all scientific institutes to present formal 

expressions of interest. 

There was lively discussion also between the panelists’        

talks with many prominent women scientists providing                  

their perspectives. Prof. Rohini Godbole talked about her 

recommendation for a gender audit across all government   

departments and making mobility schemes gender neutral 

(i.e., where either partner may apply for support for family 

reasons). Prof. Shuba Tole recounted her experience as chair 

of the Women in Science panel of the Indian Academy              

of Sciences that when they invited qualified women to apply 

for an award, the overwhelming response was the women 

themselves   did   not   consider   themselves   eligible  for  said 

awards. She stressed that mentoring would be crucial to 

overcome this perception gap.  

We end this report by looking back at things that have 

changed, as Prof. Radha Balakrishnan mentioned.  Compared 

to the late 20th century, there are more jobs and fellowships 

available and generally a much more rational attitude towards 

dual career couples.  Childcare is more readily available and 

affordable with the typical academic salary. High-speed 

internet has removed the difficulty of access to information. 

The year 2019 also saw first woman Bhatnagar Awardee in 

physics, Prof. Aditi Sen De. We hope that this march towards 

sustainable inclusiveness continues in the decades to come. 

Nishita Desai 

Ramanujan Fellow, TIFR, Mumbai 

desai@theory.tifr.res.in 

Bulumoni Kalita 

University of Dibrugarh, Dibrugarh 

bulumoni@dibru.ac.in
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APS International Young Leaders Forum 2021 

 

With the aim to reach out to a larger audience for efficient 

scientific interactions, the American Physical Society (APS), 

which is a non-profit membership organization, held the first 

ever international online meeting of this kind on February 5, 

2021. The meeting titled, “APS International Young Leaders 

Forum 2021” (IYLF) was held with a purpose to create a 

dialogue between different young scientists. The main agenda 

of the meeting was initiation of the discussion, “How APS may 

provide a welcoming global hub for the world’s physicists”. 

For this purpose, 48 young scientists representing 22 countries 

across six continents were selected (as indicated in Figure 1), 

among which five people represented India. We, as authors, 

on behalf of all the team members take the initiative to 

describe the minutes of the meeting, long term goals and 

similar plans which can be initiated in India, in this report.  

The program started with an introduction of APS by Amy 

Flatten, the Director of International Affairs, followed by 

welcoming remarks by Prof. Jonathan Bagger, the APS Chief 

Executive Officer. They emphasized that one of the major 

goals of the APS is to grow beyond North America to improve 

networking of physicists across the world and provide 

opportunities to help advance science thereby becoming a 

global hub for physicists. 

For initiation of the efficient discussion, the first part of the 

session was divided into six smaller breakout rooms. Each 

breakout room was led by an APS delegate to get the 

conversation started. The concerns raised by the Indian 

participants were related to lack of awareness of programs 

organized by APS, and perceiving APS only as                               

an organization for publishing peer-reviewed journals.  

Furthermore, it was noted that people who are aware of the 

APS activities, find it difficult to attend owing to fewer 

funding options.  

Some possible solutions to mitigate the aforementioned 

concerns and additional suggestions were offered by the 

Indian contingent: 

• To hold a dedicated APS-India (or even APS-South East 

Asia) conference annually for people from this region of 

the world, else rotate the conference centers among 

different continents. This would help change the existing 

perception of APS and also provide opportunity to make 

people aware of other APS programs like career 

guidance, travel funds, etc.  

• More funding programs/exchange programs would be 

beneficial. Additionally, APS needs to have a program 

that addresses the growing mental health concerns of 

young physicists, especially graduate students and 

postdocs. 

• Various platforms for promoting events were 

suggested— institute notice boards, social media and 

community-based web-pages like inspire-hep. 

• APS has been largely associated with organizing 

conferences. It would be nice to also have pedagogical 

schools. 

 

Figure 1: The countries represented at the APS international 

young leadership forum are marked on the world map. 

Several other suggestions were brought to light by 

representatives from other countries. These include a 

dedicated program for promoting physicists in the LGBTQ 

community, initiating programs to support women with family 

obligations in the field of physics, reducing the language 

barrier among physicists across the world, making journals 

open access in certain regions of the world where subscription 

charges can be very high in local currency, have an option to 

double blind while submitting manuscripts to their journals, 

and improving networking among young scientists and 

helping out with visa related issues when traveling for APS 

related programs. 

In addition to hearing our concerns, the forum had arranged 

for two very useful talks by the editors of APS. The first talk 

titled “Publishing in Peer-Reviewed Journals: Physical 

Review Tutorial for Authors & Referees” was presented by   

Dr. Serena Dalena, Associate Editor, Physical Review Letters, 

discussed the issues related to the value of publishing in peer-

reviewed journals and explained the evaluation of a 

manuscript from a reviewer’s perspective. Serena also urged 

young physicists to sign up as a reviewer as that is the fastest 

way to improve one’s paper-writing and reading skills. The 

second talk was by Dr. Matteo Rini, Editor, Physics Magazine. 

The talk was titled “Writing Better Scientific Papers” and it 

discussed how to organize content while writing a paper with 

some dos and don’ts of paper writing. The talks were followed 

by a panel discussion. The panelists, besides the two speakers 

from the talks, were Yan Li, Associate Editor, Physical 

Review B, and Sami Mitra, Editor, Physical Review Letters. 

Several questions raised by the participants on topics like 

referee bias, paper writing and double blinding were discussed 

by the panel. 



News and Events 

 

Vol.51(1-2)  86 

The APS delegates made a note of all the problems faced by 

members from outside the USA in making full use of the APS 

programs. They floated the possibility of holding hybrid APS 

April and March meetings, i.e., they can be attended in-person 

as well as online for those facing travel difficulties. They also 

took feedback on the feasibility of organizing hybrid or fully 

online regional conference outside the USA. They said        

they had plans of maintaining a repository of talks and related 

materials from APS programs for public consumption. One of 

the popular ideas brought up by APS was the possibility of 

facilitating an in-person seminar by a Nobel laureate in 

different regions outside the USA to reach out to graduate and 

undergraduates as well as holding more career counselling to 

people worldwide. Overall, the suggestions from all the 

participants were well received by the APS delegates. When 

contacted post meeting, Amy Flatten gave the following 

statement, “The International Young Leaders Forum brought 

together a wonderful group of service-oriented young 

physicists from around the world. Their perspectives on the 

needs of their physics community will help APS to better serve 

young physicists worldwide. We sincerely appreciated the 

feedback from those participating from India, as APS is 

partnering with the Indian Physics Association toward joint 

programs with a particular focus on serving young physicists 

in India.” 

Overall, this meeting was beneficial from several 

perspectives,   and   a   similar   initiative   should   perhaps  be

thought about for India. Meetings of this kind would not only 

be instrumental in understanding the needs of young 

physicists, but will also guide them towards a better future. It 

would also be helpful if, just like APS, India could organize 

targeted career-oriented programs for young scientists. 

Additionally, organizing dedicated science outreach activities 

targeting younger audience/non-science background 

community, through accessible platforms such as YouTube 

would be useful in developing awareness about science.  
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A Jewel Unearthed: Bibha Chowdhuri 
The story of an Indian woman scientist 

 

 

 

I came to know about Bibha 

Chowdhuri in 2016, when I 

heard a talk from Prof. 

Sreerup Raychaudhuri on 

“Early Days of Particle 

Physics” in our departmental 

colloquium.  The one thing 

that struck me immediately 

on hearing about Bibha 

Chowdhuri (BC) was that “a 

woman in India in the 1930s 

did such pioneering work in 

particle physics, and I never 

heard about her!” Few 

months later, I was invited to 

join the gender in physics, working group of the Indian 

Physics Association (IPA).  Out of interest and for collecting 

information, I started reading reports on the status of women 

in science and thus came across the acclaimed collection of 

essays, “Lilavati’s Daughters: The Women Scientists of 

India”.  To my surprise, I found that this book, too, gives a 

miss on BC.  I could not find her name or any mention of her 

work in documents, reports and memoirs that I came across 

while serving the gender panel of the IPA.  It is at this 

juncture of both `science’ and `history’, that the important 

work of Rajinder Singh and S.C. Roy, “A Jewel Unearthed: 

Bibha Chowdhuri” stands as an exceptional piece.     

Rajinder Singh, is a noted science historian at the University 

of Oldenburg and S.C. Roy is a former professor of Physics 

at the Bose Institute in Calcutta, where Bibha Chowdhuri did 

her early work on cosmic ray physics. 

It is a sheer coincidence that the `talk’ and the `essays’, that I 

mentioned above are referred in the book and the authors tell 

us a story of a strong willed and committed woman in British 

Bengal in her pursuit of science. The book has five chapters.  

The first chapter discusses about BC’s early life in a 

progressive Bramho family, where all her siblings were 

highly educated.  The authors in the spirit of true historians 

assess the influence of the Bramho Samaj on women’s 

education in Bengal and how it might have influenced BC to 

take a career in science. The rest of the chapters are 

dedicated to the scientific contributions of BC in Kolkata 

with D.M. Bose, her doctoral work with P.M.S. Blackett in 

Manchester, and then her science career back in India.   

The authors take a very neutral and scholarly approach in 

illustrating the scientific contributions of BC spanning four 

decades.  The amount of research and detailing in their book 

followed by the extensive discussions on the merit of BC’s 

scientific work make the book a very interesting read for 

physicists as well as historians. The greatest strength of the 

book is its thorough research and documentation on         

Bibha Chowdhuri’s work, which stay largely unknown to the 

Indian community. The authors do not engage in discussing 

“myths” or any “hyperbole” and make an honest and 

transparent attempt to pay their tribute to this unsung hero of 

Indian science. The “gender” aspect of BC’s career comes 

into close discussions, but never overrides her identity as a 

scientist. We read a story of determination and strength and 

going against all odds, accompanied by details of early 

research in cosmic ray physics in colonial as well as post-

colonial India. The authors indeed make a brilliant blend of 

the scientific and historical importance of BC’s work on 

cosmic rays and provide a comprehensive record of the 

research done in this field.   

To a very few people in Kolkata, who knew some aspects of 

BC’s early work with D.M. Bose, it stayed as a `myth’ that 

BC was probably another character in colonial India, who 

was very close to winning a Nobel prize in Physics. The 

authors stayed non-judgmental about this narrative, but 

provided hard evidence of the critical analysis of BC’s work 

from the international community. Along with D.M. Bose, 

BC reported the existence of the `mesotron’ (proposed by 

Yukawa) by studying high-altitude cosmic ray showers using 

the technique of photographic emulsion plates.  In a series of 

papers in `Nature’ in the early 1940s they reported the mass 

of the particle to be 186 times the mass of the electron.  Later 

in 1947, C.F. Powell discovered the existence of the Pi 

meson and estimated its mass to be 273 times of that of the 

electron.  In his Nobel winning work, Powell acknowledged 

the fact that he used the same technique as was adopted by 

Chowdhuri and Bose. From the scientific analyses and the 

peer evaluation of BC’s work that the authors present in the 

book, it becomes evident to the reader that the “myth” of 

missing the Nobel prize is indeed a historical fact. The other 

two names in the league of `Nobel miss’ are that of 

`Meghnad Saha’ and `Satyen Bose’. Thus, the tragedy of 

these missing recognitions becomes even more heart-rending 

when we compare the legendary status of Saha and Bose 

with that of Bibha Chowdhuri.  It is noteworthy that only 

after the publication of the book, the ministry of woman and 

child development has proposed eleven chairs after the 

names of famous women scientists and the physics chair has 

been named after Bibha Chowdhuri.  

The one aspect of BC’s work that we learn from this book is 

that, the quality of her research as a scientist in TIFR or PRL 

did not match with the stature of the work that she did as a 

young student with D. M. Bose in the 1930s.  Although, 

some speculations are tempting, the authors largely refrained 

themselves from posing any conjecture in this aspect.      

Prof. Arnab Rai Choudhuri, in his review of the book 

published in Science and Culture, reminds the readers about 

the stark differences between the work environments of 

Bibha Chowdhuri in Kolkata during the 1930s and later as a 

professional researcher in the 50s and 60s in western India.  
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Her best contributions came when she was working in a very 

friendly and supportive atmosphere surrounded by her loved 

ones. This observation of Prof. Rai Choudhuri might lead to 

a curious case in history and sociology of science and 

eventually to the adversities that women in Physics 

frequently face even in today’s world. Future studies of her 

life might give us an untold story of under-appreciating a 

brilliant mind. The authors make a distinct note of BC’s 

contribution as a woman pioneering in experimental physics, 

a trend that is not so popular even in the 21st century. The 

Indian edition of the book has been released on the 

international women’s day on March 8th 2021 with the 

initiatives of TIFR and the TIFR alumni association (TAA).  

BC’s journey as the first woman scientist at TIFR along with 

 the collection of documents of her Bhabha, taken from the 

TIFR archives, make the book even more exciting to an 

enthusiastic reader in history of science. 

Bibha Chowdhuri is an icon of inspiration, not only to 

women aspiring in science, but to anyone in this world, who 

chooses to fight against the odds in societies and aspires to 

walk a different path. It is our greatest privilege that        

Prof. Rajinder Singh and Prof. S.C. Roy, through their 

outstanding work, brought back this marvelous talent and 

inspirational character to the younger generations.   

Suchetna Chatterjee  

Presidency University, Kolkata 

Suchetana.physics@presiuniv.ac.in 

—————————————— 

 

 

 

Group photo of the International Conference on Elementary Particles held in Mumbai between 14−24 December 1950, taken 

at OYC (BC is at the leftmost amongst the members sitting on the chair) (Photo Credit: TIFR Archives).  
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Department of Physics, University of Calcutta: A Brief Profile 

 

History 

The Department of Physics, University of Calcutta (CU) 

started in 1916, helped by a generous grant by Taraknath Palit 

and Rasbehary Ghose, who together donated more than          

Rs. 3.5 million for setting up several departments, including 

Physics, at the then newly established University College of 

Science. The first teachers, recruited in 1914, were                 

C.V. Raman and Debendramohan Bose. Raman was in the 

Indian Financial Service and joined only in 1917. D.M. Bose 

was stuck in Germany due to World War I, and could come 

back only in 1919. To start the classes in 1916, the then VC 

Sir Asutosh Mookerjee secured the services of a few young 

research scholars, including Meghnad Saha,            

Satyendranath Bose and Sisirkumar Mitra, who went on to 

become regular teachers in the department with stellar careers 

of their own.  

Three of our earliest teachers: C.V. Raman (left), S.N. Bose 

(center), and M.N. Saha (right) 

There were other people, not so prominent, with significant 

contributions to the development of Physics in India. 

Bidhubhushan Ray built the first X-ray laboratory in Asia 

while the spectroscopy laboratory built by Phanindranath 

Ghosh was considered to be one of the finest outside Europe 

and America. Sisirkumar Mitra was the first to start 

ionospheric research and build a wireless laboratory in India. 

Meghnad Saha established the Institute of Nuclear Physics 

within the department which later became an independent 

Institute that now bears his name. The Applied Physics and 

the Biophysics Departments, and the Institute of Radiophysics 

and Electronics, also had their inception in the Department of 

Physics but later became independent entities.  

Among the later teachers were B.D. Nag Chaudhuri,             

R.K. Poddar, C.K. Majumdar, P.K. Kabir, M. Saha and             

A. Raychaudhuri. Many of the students of the department have 

made significant contributions and have won various prizes 

including the S.S. Bhatnagar award. We are proud that 

Chameli Datta, the first woman in India to obtain an M.Sc. 

degree in Science, and Purnima Sengupta, the first woman to 

obtain a Ph.D. Physics, both belonged to our department. 

Teaching 

Thanks to the illustrious faculty, the department has imparted 

high quality masters level training to students since its 

inception. For a long time, Saha Institute of Nuclear Physics 

(SINP) shared the same campus with the Department, and 

scientists from SINP regularly taught courses. The 

Department teaches only at the M.Sc. level and follows a four-

semester system over two years. The syllabus is regularly 

revised to include the latest developments, and the last update 

was in 2018. The intake is 75 students per year. Apart from 

that, several undergraduate colleges in Kolkata also teach 

masters level Physics following the CU curriculum. On an 

average, 65-70 % of the students graduate, 15 students qualify 

for CSIR JRF, and many more qualify for graduate schools in 

leading Indian institutes as well as abroad.  

Apart from the core topics, we offer advanced-level optional 

courses on Particle Physics, Nuclear Physics, Statistical 

Physics, Condensed Matter Physics and Materials Science, 

Laser Physics, Astrophysics and Cosmology, Nonlinear 

Dynamics, and many more. 
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Research 

We have five research groups that work at an internationally 

competitive level, publishing regularly in top quality journals. 

These groups are: (i) Statistical Physics and Related 

Phenomena, (ii) Nuclear Physics and Nuclear Astrophysics, 

(iii) High Energy Physics, (iv) Theoretical and Experimental 

Condensed Matter Physics, including Materials Science, and 

(v) Laser Physics. At present, we have 17 faculty members 

and one emeritus professor.  

The Department is a member of the Indian National Gamma 

Array (INGA), India-based Neutrino Observatory (INO), and 

the international Compressed Baryonic Matter (CBM) 

collaboration (at the FAIR experiment, Darmstadt, Germany).  

Apart from individual research projects running into several 

million INR, the Department had three-phase DSA            

(1987-2003), COSIST (1993-1998), FIST level-I (2003-08, 

2009-14), and a UGC-DRS (2009-2014 and 2015-2020) on 

theoretical physics. Besides, our faculty and students regularly 

use national accelerator facilities at Indore, New Delhi, 

Mumbai and Kolkata as well as facilities in Japan, Italy and 

United Kingdom. A number of them are associates of national 

and international institutes. 

We welcome motivated students for our graduate program. 

The number of full-time research scholars has gradually 

increased and now stand close to 40. Apart from them, we also 

have five postdoctoral fellows. We have a steady record of 

about 50 top-level international journal publications per year. 

 

Laser spectroscopy setup (top) and low temperature transport 

property measurement setup (bottom) 

The department hosts several experimental facilities, 

including a planetary ball mill grinder for synthesizing 

nanomaterials, an ultra-high vacuum coating unit for thin 

films, a photoluminescence setup for defect studies, facility 

for studying transport properties of materials in the range 10-

300 K, X-ray diffractometer and others materials charac-

terization tools. We have a well-equipped laser spectroscopy 

laboratory for studying laser cooling, electromagnetically 

induced transparency and absorption (EIA and EIT). We also 

have close collaboration with the Centre for Nanoscience and 

Nanotechnology of the University as well as many research 

institutes in the country and abroad. 

Major thrust areas 

Condensed Matter Physics: Study of ZnO-based 

nanostructures and dilute magnetic semiconductors, studies on 

colossal magneto-resistive nanocomposites, defect studies in 

Bi2O3, ZnO and other nanomaterials, synthesis and 

characterization of nanostructured materials. 

Laser Physics: Study of laser cooling of atoms, near infrared 

spectroscopy of atmospheric molecules, non-linear 

spectroscopy of atoms. 

Nuclear Physics: Experimental gamma-ray spectroscopy, 

nuclear structure theory, mean field theory, resonance and 

bound states of halo nuclei. 

Nuclear Astrophysics: Physics of neutron stars and other 

compact objects, study of phase transitions. 

High Energy Physics: Neutrino physics, supersymmetry, B 

physics, collider physics, physics of extra dimensions, formal 

field theory. 

Statistical Physics: Phase transition and critical phenomena in 

classical and quantum models, dynamical properties of Ising-

like systems, study of small-world property and other features 

in real and model networks, statistical mechanics of frustrated 

systems, liquid crystals. 

Alumni achievements 

It is impossible to have even a cursory list of our well-

established alumni. They can be found among the faculty 

members of all top-level Indian research institutes and IITs, 

and also in a number of places abroad.  Our alumni have gone 

on to serve as Directors of national institutes and Vice 

Chancellors of universities, and also served at high positions 

in the general administration of the country. 

Gautam Gangopadhyay 

ggphy@caluniv.ac.in 

Anirban Kundu 

anirban.kundu.cu@gmail.com 
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Meet the Physicists! 

This issue covers both the UN’s International Day for Women and Girls in Science (Feb. 11) and International Women’s Day 

(Mar. 8). As this special issue showcases the life and work of Bibha Chowdhuri, we profile four enthusiastic women across 

India with a connection to high-energy physics.  

   

 

  

Kalpana 

Natasha 

 

Sudeshna 

Natasha Sharma  
Teacher and Researcher, SERB Research Scientist, Amity 

University Punjab, Mohali (till recently with Dept. of 
Physics, Panjab University, Chandigarh) 
Area: Experimental High Energy Physics 

Years doing physics: 15 
What I like about physics: Unlocking the secret of the 

Universe, trying to understand the fundamental building 
blocks of matter  

Beyond physics: Spending time with my kids, South 
Indian movies 

Kalpana Bora 
Professor and Teacher, Department of Physics,  
Gauhati University  
Area: Theoretical High Energy Physics 
Years doing physics:  > 35 for sure  
What I like about physics: Being the most fundamental and 
beautiful of all sciences, it helps me to see and understand 
the world around me!  
Beyond physics: Taking care of my family, Music, Travelling, 
working with underprivileged people... 

Nayantara Gupta  
Researcher at Raman Research Institute, Bangalore 

Area: cosmic rays, neutrino and gamma-ray astronomy  
Years doing physics: > 20 

What I like about physics: A hard question! I like to 
explore the truth. Studying physics helps reveal the 

truth in nature! 
Beyond physics: music, dance, cooking, watching 

movies… 

Sudeshna Dasgupta 
Assistant Managing Editor at Cactus Communications 
Area: High-energy physics, instrumentation (currently, in 
academic publishing). 
Years doing physics: 12 
What I like about physics: While physics primarily helps us 
deep-dive into the mysteries of nature, its spin-offs present 
unlimited potential for technological advancement  
Beyond physics: Reading, travelling 

Nayantara 
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Doodling forgotten achievers 

Arnab Bhattacharya 

Department of Condensed Matter Physics and Materials Science, 

Tata Institute of Fundamental Research, Mumbai, India 

E-mail: arnab@tifr.res.in 

 

I hope that reading this issue has brought in focus the extra-

ordinary work done by Bibha Chowdhuri that many were 

possibly not aware of. It isn’t easy to revisit the past. But can 

one perhaps re-doodle it? The search engine Google’s home 

page often celebrates the life of phenomenal achievers, across 

all fields of human endeavour, who have been overlooked by 

history. Keeping the spirit of this issue in mind, here are a few 

Google Doodles that celebrate women in science who, like 

Bibha Chowdhuri, looked at the sky for their work, and were 

not as recognized in their lifetimes as they perhaps should 

have been.  

 

Let’s start with Scottish scientist, writer, and polymath Mary 

Somerville1 (1780–1872). She studied mathematics and 

astronomy, mostly on her own. It was her detailed and accurate 

observations of a wobble in the orbit of Uranus that hinted that 

there could be a planet beyond. Her book The Connection of 

the Physical Sciences, on the underlying links between the 

different disciplines of physical science, on which a reviewer 

of the book first coined the word “scientist” to describe this 

multidisciplinary approach2. She also wrote books on various 

topics – from Physical Geography to Molecular and Micro-

scopic Science. A vocal supporter of women’s rights, 

Somerville’s signature was the first on the 1866 petition to the 

UK Parliament that eventually gave women the right to vote.  

 

 
1 www.google.com/doodles/celebrating-mary-somerville 
2 S. Ross, Annals of Science 18(2), 65 (1962) 
3 www.google.com/doodles/caroline-herschels-266th-birthday (do 

Along with Mary Somerville, Caroline Herschel3                 

(1750–1848), featured in the Doodle above, was jointly the 

first female member of the Royal Astronomical Society. A 

German astronomer, Caroline Herschel was the younger sister 

of the more famous William Herschel with whom she worked 

throughout her career. She discovered several comets (6 of 

which bear her name), and corrected the famous Flamsteed 

star catalogue. Interestingly, she was the first woman to 

receive a salary as a scientist, the first woman in England to 

hold a government position and also the first woman to publish 

scientific findings in the Philosophical Transactions of the 

Royal Society. 

 

A leap ahead by a century brings us to Annie Jump Cannon4 

(1863–1941), an American astronomer who, as the doodle 

shows, measured the stars. Her work on organizing and 

classifying stars based on their temperatures and spectra forms 

the basis of contemporary stellar division into the spectral 

classes O, B, A, F, G, K, M. (Her scheme was based on the 

strength of the Balmer absorption lines.) She was part of the 

“Harvard computers”, a team of women processing 

astronomical data. They were criticized at first for being “out 

of their place and not being housewives”. Cannon, who 

manually classified ~350,000 stars in her lifetime, was hard of 

hearing throughout her career! 

While the titbits of trivia that one can pick up from a Google 

doodle are indeed interesting, one must also realize how many 

worthy stories across the world there are, in science and 

beyond, that haven’t made it to a doodle. As Wordsworth, a 

contemporary of Somerville and Herschel, put it in his poem 

“She dwelt among the untrodden ways”: A violet by a mossy 

stone / Half hidden from the eye! / Fair as a star, when only 

one / Is shining in the sky. Let’s hope many more                    

Bibha Chowduris can shine in the sky! 

check out this a beautiful animated doodle featuring her peering 

through a telescope as meteors flash across the sky!) 
4 www.google.com/doodles/annie-jump-cannons-151st-birthday  

http://www.google.com/doodles/celebrating-mary-somerville
http://www.google.com/doodles/caroline-herschels-266th-birthday
http://www.google.com/doodles/annie-jump-cannons-151st-birthday


Anna Mani worked in the lab of CV Raman

at IISc, on spectroscopy of diamonds 

and rubies. Though she had 5 research 

papers, she was denied a Ph.D. since 

she did not have a master’s degree. 

At the Indian Meteorological 

Department (IMD) from 1948-

1976, her work made India self-

reliant in designing and manu-

facturing sophisticated weather 

instruments. She retired as the 

deputy director general of IMD, and

held several key positions within the 

World Meteorological Organization (WMO) 

during her illustrious career. 

Post retirement, working with the Raman Research 

Institute and the Indian Institute of Tropical 

Meteorology she was tasked by the DST to set up a 

research unit to assess potential resources for solar 

and wind energy in India

Today, the Anna Mani Lecture Series of the 

Astronomical Society of India provides a 

forum to discuss issue of gender equity 

in science in India.

My being a woman had 
absolutely no bearing on what 

I chose to do with my life.

Anna Mani (1918-2001)
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