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From the Editor’s Desk 

The Founder's day Special Issue of the 
BARC Newsletter published every year on 
Founder's Day, carries award winning 
work of our Scientists and Engineers. 
DAE Awards 2013 received in 2014 and 
Merit Awards for R&D work in 2014 are 
being published in this issue.  
 
This year Forty Seven papers have been 
published. Apart from DAE Awards, 
BARC Scientists and Engineers received 
several awards for their R&D work, which 
was presented at various national and 
international fora (Merit Awardees). Some 
of the R&D work received special awards 
instituted by the sponsoring organizations. 
Some included oral presentations and 
others were Poster presentations.  
 
This CD contains all the Forty Seven 
papers which are grouped under 1.DAE 
Awards and 2. Merit Awards. Individual 
papers can be accessed from the Contents 
as well as from the Author index by 
clicking on the hyperlinks.  
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Abstract 
 
Gamma radiation damages biomolecules by direct energy deposition and breaking of covalent 
bonds, and also indirectly by producing reactive oxygen species through water radiolysis. An 
organism that survives the higher doses of γ radiation would have to have the efficient 
mechanisms for combating the deleterious effects of ionizing radiations. Deinococcus 
radiodurans is a bacterium known for its extreme resistance to γ radiation. We have been 
studying the molecular basis to its extreme phenotypes by understanding both DNA damage and 
repair, and the mechanisms that protect biomolecules from oxidative damage in this bacterium. 
Using the technological and intellectual capabilities developed in house, we demonstrated that 
there is no single but several protective and repair mechanisms that work together for providing 
radiation resistance in this bacterium. A summary of our significant findings related to radiation 
resistance in D. radiodurans has been presented.  
 
 
Introduction 
 
DNA damage occurs in all organisms as a consequence of ultraviolet (UV) light emanating from 
the sun and ionizing radiation (γ rays & X-rays) from natural sources, medical treatment and 
contaminated land. The repair of DNA damage is crucial for life and defects in DNA repair 
pathways can lead to genetic disease and cancer in mammals. Unlike eukaryotes, the cellular and 
molecular responses to DNA damage have not been fully characterized in prokaryotes except 
UV induced SOS response in certain bacteria, possibly because bacteria differ from higher 
organisms into both cellular complexity and tolerance to DNA damage. Deinococcus 
radiodurans is a Gram-positive bacterium primarily known for its extraordinary resistance to 
both ionizing and non-ionizing radiations [1, 2]. It can tolerate up to 6.5kGy γ radiation without a 
measurable loss of cell viability [3, 4]. The extraordinary tolerance of D. radiodurans (hereafter 
referred as Deinococcus), to other abiotic stresses including radiation and desiccation, has 
attracted both radiation biotechnologist and molecular geneticists for using it (i) for 
bioremediation of radioactive waste and, (ii) as a model organism for understanding the 
molecular basis of its extreme radioresistance. The radiobiotechnological use of this bacterium 
however, suffers a major setback because this microorganism is yet to be known for any 
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desirable traits for its use in bioremediation of radioactive waste, except that it is resistant to both 
chronic as well as acute exposures of γ radiation, and has a number of proteins that needs to be 
characterized for their usefulness. On contrary, there are microorganisms that do not confer such 
a magnitude of radiation resistance but have numerous features that are useful in bioremediation 
of hazardous waste mixed with metals and aromatic compounds. Therefore, the basic 
understanding of mechanisms underlying the radiation resistance and at least the identification of 
molecules required for the usefulness of this bacterium in radio-biotechnological applications 
would come under the core areas of basic research and would be worth pursuing. Further, both 
basic and applied research using this bacterium would have required the development of 
technology for its genetic modification and for the introduction of desirable characters in this 
bacterium. Our laboratory has been focusing on both of these aspects i.e. the development of 
both technological and intellectual capabilities for carrying out advanced research in this 
bacterium and the basic research on understanding the molecular basis of the extraordinary 
radiation resistance. Using in house expertise in these areas, we have significantly contributed in 
the global efforts on the subject where our findings have been used for discussing the findings 
from the renowned laboratories working in this area of research.  Some of our works are 
summarized below.  
 
Development of technological expertise for easy manipulation of Deinococcus radiodurans  
 
Genetic manipulation of any organism requires the organism specific genetic tools. These are 
developed depending upon the need of researchers. We were in need of technology for genetic 
manipulations of Deinococcus mainly on two aspects (i) the synthesis of proteins from other 
bacteria as well as over production of this bacterial proteins itself, and (ii) the inactivation of any 
gene of interest for studying their contributions in radiation resistance of Deinococcus. We 
developed many constructs for this work using the resources available in our laboratory. The 
notable ones were pRADgro (Fig 1a) and pNOKOUT (Fig 1b). For the development of 
pRADgro, a 261bp DNA fragment containing regulatory sequences of groESL genes of 
Deinococcus (Pgro), Shine-Delgarno (SD) sequences for ribosome binding and five codons of 
GroE along with four new unique restriction enzyme sites for providing correct translation frame 
for recombinant protein synthesis, was cloned in pRAD1 [5] cloning vector. The pRADgro was 
checked for its nature as a shuttle expression vector between Deinococcus and Escherichia coli, 
another model organism mostly used for gene cloning and recombinant proteins synthesis and 
the expression of transgenes on this vector was ascertained in both the hosts [6, 7]. Similarly, 
pNOKOUT was constructed by cloning the neomycin phosphoryltransferase II (nptII) selection 
marker cassette into pBluescript SK+ an E. coli cloning vector. The nptII cassette was earlier 
known for the expression of kanamycin resistance in Deinococcus and pBluescript SK+ should 
not be surviving in Deinococcus. Thus pNOKOUT was anticipated to carry an expressing nptII 
cassette into Deinococcus but would not be maintaining in it. This will make pNOKOUT a 
suicidal vector and the replacement of desired gene with nptII would take place through genetic 
recombination. These features of pNOKOUT were confirmed again in both E. coli and 
Deinococcus. The results showed the integration of nptII into Deinococcus R1 genome and 
expression of kanamycin resistance in these cells. So far, we were expressing recombinant 
proteins in Deinococcus under constitutive and a relatively weaker promoter, pGroES. For many 
experiments, both high levels and controlled expression of recombinant proteins is required. For  
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Fig. 1:  Partial restriction map of pRadgro and pNOKOUT constructs. The 261bp BglII-XbaI fragment 
containing promoter (Pgro) was cloned in pRAD1 to get pRadgro (A) and 937bp an expressing cassette of 
nptII (nptII (DR) was cloned at SmaI site of pBluescript SK+ to get pNOKOUT (B). Similarly, another 
deinocccal shuttle expression vector pVHS559, for the controlled expression of desired proteins in 
Deinococcus was constructed (C). 
 
that, a new vector pVHS559, having IPTG inducible promoter backbone was modified for 
providing additional cloning sites and inducible expression of recombinant in Deinococcus (Fig  
1c) and being used for localization of deinococcal proteins fused with fluorescent tag. Using 
these constructs a large number of proteins from both E. coli and Deinococcus have been 
expressed and a number of genetic knockout strains have been generated, localization of both 
host as well as external proteins, and the roles of various proteins in radiation resistance have 
been ascertained in this bacterium. These vectors have also been provided several laboratories 
abroad on material transfer agreement (MTA) and being used for basic research in Deinococcus. 
This allowed us to have the complete autonomy in any kind of genetic manipulation required for 
making Deinococcus suitable for both basic and applied work.  
 
 
Functional significance of macromolecular interactions in radioresistance of D. radiodurans          
 
Proteins are ultimate functional units that contribute to different characteristics in a living 
system. The protein’s functions are intimately regulated by the microenvironment around these 
molecules and therefore, the different organisms surviving in different environment would be 
expected to have different microenvironment inside the cells. Although, different organisms 
having similar array of proteins, might exhibit different characteristics due to change in 
microenvironment in which these proteins are functioning in a particular living system. With 
these existing paradigm, we hypothesized a possibly of DNA metabolic proteins required for 
extreme phenotypes in this bacterium might be interacting in a different microenvironment and 
thus functioning differently in this bacterium. This assumption got further support when we 
observed that Deinococcus with E. coli, which exhibit just opposite response to γ radiation, have 
nearly similar protein complements for DNA recombination and repair pathways. Therefore, to 
test our hypothesis, the possible existence of these proteins in form of macromolecular complex 
was first checked. The multiprotein complexes were isolated from stationary phase cells of 
Deinococcus and E. coli and compared for different DNA metabolic activities and the presence 

A BA B C



                                                                                                                                                                    BARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTER    

FOUNDER’FOUNDER’FOUNDER’FOUNDER’S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015    

 

4 
 

of recombination repair proteins as detected by immune blotting [8]. Multiprotein complexes 
from both these organisms although have several of the DNA metabolic activities common, they 
differ grossly on some of the crucial functions. For example unlike E. coli, the multiprotein 
complex from Deinococcus did not contain RecA but it had some of the other important DNA 
repair function like ATP sensitive nuclease (Fig 2a) and ATP stimulated DNA ligase (Fig 2b). 
The protein components of this complex were identified by mass spectrometry and 24 different 
polypeptides were detected that include PprA, ATP type DNA repair ligase (DRB0100) and a 5’ 
nucleotidase (DR0505).  
 

Fig. 2: Regulation of two incompatible functions in multiprotein complex. Multiprotein complex isolated from 
D. radiodurans was checked for nuclease activity on dsDNA in presence of Mg2+ (1-5) and Mn2+ (6-10) with 
increasing concentration of ATP (A). The DNA ligase activity of complex (Cm) was compared with T4 DNA 
ligase (T4) in presence of different concentration of ATP (B). 
 
 
The functional significance of some of these proteins like PprA, DRB0100 and DR0505 in γ 
radiation resistance of this bacterium was further studied. We deleted dr0505, pprA and drb0100 
genes from Deinococcus genome as well as the recombinant proteins were made in E. coli and 
purified. By checking the γ radiation effect on the survival of these mutants and activity 
characterization of recombinant proteins, we demonstrated the roles of these proteins in γ 
radiation resistance of Deinococcus and the possible mechanisms of action were shown.  
 
Interestingly, the activity of recombinant DRB0100 ligase compulsorily required PprA and 
DRB0098, another protein of this bacterium for its enhanced activity (Fig. 3). Further DRB0100 
supported radiation resistance in Deinococcus only when PprA, DRB0098 and DRB0099 were 
present [9]. These results suggested the functional significance of protein-protein interaction in 
macromolecular complex for its efficient functioning in γ radiation resistance in Deinococcus. 
Similarly, the recombinant DR0505 is characterized as an ATP sensitive nuclease with a novel 
thermostable phosphoesterase activity, which could withstand up to 65oC in vitro [10] and 
implicated for its role in nucleotide recycling.  
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Fig.3: DNA end joining activity assay of DRB0100 identified from multiprotein complex. Purified protei ns 
were incubated with PCR amplified linear DNA and checked on agarose gel (A) and linearised plasmid DNA 
ligated samples were checked for transformation in E. coli (B). Ligation efficiency directly correlates with the 
number of transformants obtained with each samples 
 

 
Fig 4. Protein-protein interaction studies leading to reveal hitherto unknown function of a DNA repair 
protein. A. The wild type (WT) and pprA mutant (Mutant) cells were treated with nalidixic acid (Nal) and 
gamma radiation (Gamma) separately. These cells were compared with untreated controls (Control) for the 
loss of nucleoid as estimated microscopically. B. The recombinant TopoIB was assayed for relaxation activity 
in the presence and absence of its complex partner PprA (Top panel) and in vivo interaction using bacterial 
two hybrid system (Bottom panel)  
 
In vivo localization of PprA and other components of multiprotein complex were proposed in D. 
radiodirans. PprA-GFP cellular localization studies showed that PprA binds to septum trapped 
nucleoid. Further studies on this observation resulted in deciphering a hitherto unknown function 
of this protein in genome maintenance and cell division [11, 12]. When we generated pprA 
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mutant of D. radiodurans and measured the genome stability of mutant and wild type cells 
treated with nalidixic acid and gamma radiation (Fig. 4). We provided evidence on the 
mechanism of action of PprA and showed that PprA interacts with both TopoIB and DNA gyrase 
in vivo and modulates deinococcal TopoIB and DNA Gyrase activities in vitro (Fig. 4). 
    
Functional significance of known DNA recombination / repair proteins in radioresistance 
of Deinococcus 
 
There are two major DNA recombination pathways like RecF and RecBC, which have been 
implicated in the repair of radiation-induced DNA damage in most of the bacteria. RecBC 
enzyme complex has been characterized for their roles in DNA double strand break repair in 
many radiation sensitive bacteria as well. Surprisingly, the genome of Deinococcus encodes all 
the components of RecF recombination pathway but lacks the components of classical RecBC 
pathway. How does this bacterium mend its shattered genome in the absence of RecBC enzymes 
was intriguing. First the possibility of RecF contributing to efficient DNA strand break repair 
was checked by in-trans expression of SbcB, an exonuclease I, a known inhibitor of RecF 
pathway, and then by over expression of RecBC from E. coli into Deinococcus. Deinococcus 
cells expressing these proteins separately become sensitive to � radiation but the levels of 
radiation sensitivity was more in SbcB expressing cells than RecBC suggesting the involvement 
of RecF pathway in radiation resistance of this bacterium [6] and less significance of RecBC to 
these phenotypes at least in Deinococcus [13]. The role of RecF recombination pathway in 
radiation resistance of this bacterium was further supported from the observation where the 
functions of other suppressors like SbcCD of RecBC pathway is required for higher 
radioresistance [14].  Similarly, a protein (PolX) of unknown function was predicted for its DNA 
polymerase activity and characterized in vitro as a short patch base excision repair (SPBER) 
polymerase [15] (Fig 5). 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
Fig 5. Functional characterization of PolX from D. radiodurans. Purified recombinant PolX (P) was assayed 
for primer extension activity using normal template – primer and compared with a replicative DNA 
polymerase Klenow fragment (K) and products were analysed on UREA-PAGE gel (A). Base excision repair 
activity was assayed on oxidative damage DNA template in the presence of DNA glycosylase and AP 
endonuclease (B)    
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Characterization of a novel oxidative stress and DNA damage response mechanism in 
Deinococcus 
 
Living cells exposed to various stress exhibit a rapid change in cellular and molecular processes 
to counteract the deleterious effect of stressors. For example, the cells exposed to γ radiation 
respond to both oxidative stress and DNA damage effects leading to in genome functions both at 
the levels of gene expression and functional modulation of proteins associated with DNA repair 
and cell division. The DNA damage response in prokaryotes has been termed as SOS response. 
Deinococcus does not exhibit classical SOS response [16]. Despite, it shows DNA damage 
induced gene expression and protein turnover. The molecular mechanisms underlying the 
regulation of the synthesis and activity modulation of various proteins by γ radiation induced 
DNA damage are not known. The systematic studies on the changes occurring in Deinococcus 
cells exposed to γ radiation were carried out at both cellular and molecular levels. It showed that 
cells exposed to γ radiation, rapidly synthesized very high levels of signaling nucleotides 
including ATP, AMP and cyclic AMP etc. and stress responsive enzymes like adenylyle cyclase, 
phosphodiesterase, protein kinases [17]. These molecules are well known for their roles in 
regulation of various cellular and molecular processes, suggesting that Deinococcus does 
respond to γ radiation induced DNA damage. If it does not confer classical SOS response 
mechanism, the possibility of some alternate mechanisms could be hypothesized.    
 
Since gamma radiation kills living cells by directly damaging biomolecules and indirectly 
through oxidative stress, we studied both these components for understanding the gamma 
radiation response in Deinococcus. We searched the genome of this bacterium for metabolic 
pathways associated with antioxidant synthesis in bacterial system. We observed that the genome 
of this bacterium confers a gene (we hereby designate as pqqE) that encodes an enzyme 
responsible for pyrroloquinoline quinone (PQQ) biosynthesis in bacterial system. This gene was 
cloned and expressed in E. coli. Transgenic E. coli producing PQQ showed several fold higher 
tolerance to oxidative stress in vivo and protected biomolecules from γ radiation damage in vitro 
[18]. PQQ was subsequently shown as strong antioxidant as vitamin C and Trolox [19] and could 
neutralize superoxide, hydroxyl and oxygen free radicals in solution without any indication of its 
consequential effect [19]. PQQ was subsequently shown as pro-oxidant in mammalian cells by 
depleting the redox equivalents that acts as antioxidants in mammalian cells. It showed higher 
rates of apoptotic cell death in tumor cells as compared to normal cells [20].     
 
The role of PQQ in radiation resistance phenotypes of Deinococcus was investigated. For that, 
pqqE gene was deleted from genome of Deinococcus and the effect of different DNA damaging 
agents including γ radiation, on cell survival and DSB repair ability of mutant cells were 
investigated. Results showed that the absence of PQQ makes this bacterium incompetent to 
withstand higher doses of DNA damage and γ radiation in particular (Fig 6A). Molecular 
mechanisms contributing to this phenotype of PQQ was checked and found that PQQ has a role 
in DNA strand break repair (Fig 6B) [21]. Subsequently, a PQQ inducible putative protein kinase 
encoded from dr2518 gene was identified from this bacterium and its role in γ radiation 
resistance of Deinococcus through DNA strand break repair was demonstrated [22].  
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Fig. 6: Involvement of PQQ in radiation resistance of D. radiodurans through its role in DSB repair. D. 

radiodurans cells devoid of PQQ were generated and the effect of γγγγ radiation on survival of these cells 

(mutant) was compared with wild type (wild type) (A). The cells recovering from γγγγ radiation effects were 
collected at different time interval (1-24 h) and analyzed for shattered genome reassembly on pulsed field gel 
electrophoresis (B) and compared with unirradiated (U) controls.  
 
 
DR2518 was earlier shown as a PQQ inducible protein kinase having a role in radiation 
resistance in Deinococcus. The effect of γ radiation induced DNA damage on expression and 
activity of DR2518 protein kinase was checked. Results showed that both synthesis and activity 
of this kinase are regulated by γ radiation induced changes in the cells, which indicated that this 
kinase could be a typical candidate of an alternate DNA damage response mechanism in this 
bacterium. The ability of this kinase phosphorylating several important DNA repair proteins of 
Deinococcus and regulating the differential expression of genes in response to � radiation 
induced DNA damage (Fig. 7) strengthened its role in radioresistance. The results obtained from 
this particular study suggested that unlike other bacteria that confer SOS response, Deinococcus 
might have an alternate mechanism of DNA damage response and DR2518 kinase seems to be a 
candidate protein kinase playing crucial role in this process. Recombinant DR2518 has been 
characterized as a radiation and quinone responsive protein kinase and named as RqkA [22]. 
Further we showed it contribution in radioresistance of this bacterium through phosphorylation 
of important DNA repair proteins like PprA and RecA and those involved in bacterial cell 
division. Phosphorylation sites in PprA and RecA of D. radiodurans were mapped mass 
spectrometrically and confirmed by site directed mutagenesis. Both in vivo and in vitro 
phosphorylation of PprA and RecA by RqkA kinase have been demonstrated. Importance of 
PprA and RecA phosphorylation in the regulation of these proteins functions in vivo and their 
respective roles in radioresistance have been demonstrated [23]. For instance, the 
phosphorylation of PprA by RqkA kinase had increased the DNA binding activity of PprA and 
its ability to stimulate intermolecular ligation activity of T4 DNA ligase was stimulated by ~ 6 
fold. Similarly, RecA phosphorylation by RqkA kinase showed enhanced strand exchange 
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reaction activity of RecA in the presence of dATP as compared to ATP and non-phosphorylated 
RecA in vitro (Fig. 8). The phsophorylation also affected RecA roles in radioresistance in D. 
radiodurans.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7: Involvement of a radiation responsive serine/ threonine protein kinase (STPK) in regulation of gene 
expression in D. radiodurans. Deinococcus cells devoid of STPK were exposed with 6.5kGy � radiation and 
global change in gene expression was measured by microarray analysis (Microarrayer) in collaboration with 
Prof. Yeujin Hua, Zhejiang University, Hangzhou China. Different numbers of genes showing reduced 
expression (donwregulated) and increased expression (upregulated) by 15 fold or more were taken into 
consideration for making conclusions.      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 8. Effect of phosphorylation on strand exchange reaction of RecA from D. radiodurans. Purified recombinant 
RecA was phosphorylated by RqkA kinase and assayed for strand exchange activity in the presence of ATP and 
dATP, respectively. 
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Multipartite genome system and cell division regulation in D. radiodurans  
 
Apart from the extreme radioresistance, the cytogenetic features of Deinococcus are equally 
interesting. It has multipartite genome system and ploidy. All genome elements are held together 
producing a toroidal ring shaped nucleoid structure. Genome maintenance and cell division 
regulation in cells recovering from gamma radiation effects would be worth investigating. Here, 
we demonstrated that chromosome I encodes proteins that regulate its partitioning by following 
the Type IB mechanism (Pulling mechanism) of genome segregation [24].  
 
For the first time, we identified centromereic sequences in chromosome I and showed that ParB1 
binds to these centromeric elements both in vivo and in vitro. ParA1 is a non-specific DNA 
binding protein, it showed oscillation on nucleoid of the bacterium from one pole to other, and 
once ParA1 encountered the ParB1 bound to centromere, the depolymerization of ParA1 is 
triggered leading to the pulling of two daughter chromosomes in opposite direction followed by 
cytokinesis.   
 
In order to ascertain the involvement of ParB proteins of D. radiodurans in genome maintenance 
and in the radioresistance, the genes encoding ParBs on different genome elements were deleted. 
These deletion mutants were checked for various stressors response and anucleation phenotype. 
Interestingly, it is observed that parB1 deletion produces the high frequency of anucleate cells, 
growth retardation and sensitivity to nalidixic acid. It showed a little less effect on gamma 
radiation resistance as compared to parB2 and parB3 deletion mutants.  
 
The parB2 deletion also showed effect on normal growth while parB3 mutant grew similar to 
wild type. Both parB2 and parB3 mutants showed the high frequency of anucleate cells and 
higher sensitivity to DNA damaging agents but not to nalidixic acid.  Thus we provided evidence 
that the ‘ParB’ proteins encoded on different genome elements are not functionally redundant 
and these are specifically responsible for maintenance of respective genome elements during cell 
division. Further, the chromosome II and megaplasmid seem encoding complements responsible 
for gamma radiation resistance of this bacterium. 
 
Further in order to understand the effect of gamma radiation cell growth, the molecular 
mechanisms underlying cell division regulation is investigated. FtsZ a protein centre to the entire 
bacterial cell division complex was characterized both in vitro and in vivo. This protein is found 
to be different from its homologues known in other bacteria in terms of its kinetics, rate of 
polymerization/ depolymerization.  
 
These characteristics determine the growth rate, and the requirements of other divisome 
components for a productive cellular localization and FtsZ ring formation in Deinococcus [25].  
FtsZ-GFP expressing in Deinococcus produced typical FtsZ ring perpendicular to first plane of 
cell division (Fig.9). 
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Fig. 9. In vivo localization of FtsZ in the dividing cells of D. radiodurans. FtsZ-GFP was expressed in D. 
radiodurans on plasmid and the localization of FtsZ tagged with GFP was carried out using confocal 
fluorescence microscope. FtsZ ring was constructed using Z stacks of images generated in three dimensional 
planes. 
  
Molecular mechanism underlying extraordinary radioresistance of Deinococcus is being 
progressively unfurled. Several laboratories globally, working on various aspects leading to a 
single question on how this bacterium confers unthinkable and unbelievable tolerance to � 
radiation effect. Our work from Bhabha Atomic Research Centre has contributed significantly to 
the global efforts on this aspect. Some of our notable contributions that are being used for 
explaining and in the discussion of the work from other laboratories are (i) the RecF 
recombination pathway in absence of RecBC enzymes, contributes to efficient DSB repair and 
radiation resistance (ii) an antioxidant metabolite PQQ has a role in both oxidative stress 
tolerance and DSB repair, (iii) the multiple proteins having greater significance in DSB repair 
and radiation resistance, are present and function together in a multiprotein complex, (iv) the 
bacteria do not confer classical SOS response but have eukaryotic type serine /threonine protein 
kinase might have a different DNA damage response mechanism as an alternate to SOS response 
and (vi) the involvement of a eukaryotic type Ser/Thr protein kinase in DSB repair and radiation 
resistance was reported first time in any bacteria.  
 
Acknowledgements 
 
I am grateful to Dr. Subrato Chattopadhyay, AD(B), BSG and Dr S. K. Apte, Ex-Director, BSG 
for their keen interest in the subject as well as moral and intellectual supports. I am thankful to 
Drs Hari Mohan, Indira K Priyadarshini, Atanu Barik, V.P. Joshi, Roja Gopalakrishnan, 
Raghvendra Tewari and many others as my short term or long term collaborators for their 
knowledge sharing and for accepting my intellectual inputs in their projects. My special 
appreciations and sincere gratitude to my colleagues Drs N. P. Khairnar, Vidya Kamble, Shruti 
Desai and Swathi Kota and Y. S Rajpurohit, A. D. Das, C. Vijay Kumar and Kruti Mehta and 
Shri Ganesh Kumar Maurya, for keeping the pace in their research progress uninterrupted, in 
spite of many hurdles, and for their outstanding research output. Sincere efforts of Shri Sunil D. 



                                                                                                                                                                    BARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTER    

FOUNDER’FOUNDER’FOUNDER’FOUNDER’S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015    

 

12 
 

Dhotre Sr Tech/H and Shri Priyoda Abhishek Tech/D for their commendable supports to other 
colleagues are highly appreciated. I am grateful to Professor Yuejin Hua, Professor John Battista 
Professor Matthew Waldor, Professor I Narumi and Dr Sangyong Lim and Dr. Dongho Kim for 
their collaborative supports. 
 
References 
 
[1]. Makarova, K. S., Aravind, L., Wolf, Y. I., Tatusov, R. L., Minton, K. W., Koonin, E. V. 
and Daly, M. J. “Genome of extremely radiation-resistant bacterium Deinococcus radiodurans 
viewed from the perspectives of comparative genomics”. Microbiology and Molecular Biology 
Reviews 65 (2001): 44-79. 
[2]. Slade, D. and Radman, M. “Oxidative stress resistance in Deinococcus radiodurans”. 
Microbiology and Molecular Biology Reviews 75 (2011): 133-191. 
[3]. Battista, J.R. “Radiation resistance: the fragment that remain”. Current Biology 10 
(2000): R204-205.  
[4]. Misra, H. S. Rajpurohit, Y. S. and Kota, S. “Physiological and molecular basis of extreme 
radioresistance in Deinococcus radiodurans”. Current Science 104 (2013):194-205.   
[5]. Meima, R. Lidstrom, M.E. “Characterization of the minimal replicon of a cryptic 
Deinococcus radiodurans SARK plasmid and development of versatile Escherichia coli-D. 
radiodurans shuttle vectors”. Applied and Environmental Microbiology 66 (2000): 3856–3867. 
[6]. Misra, H.S., Khairnar, N.P., Kota, S., Srivastava, S., Joshi. V.P. and Apte, S.K. “An 
exonuclease I sensitive DNA repair pathways in Deinococcus radiodurans: a major determinant 
of radiation resistance”. Molecular Microbiology 59 (2006):1308-1316. 
[7]. Kota,S. and Misra, H.S. “PprA: a protein implicated in radioresistance of Deinococcus 
radiodurans stimulates catalase activity in Escherichia coli”. Applied Microbiology and 
Biotechnology 72 (2006): 790-796. 
[8]. Kota,S. and Misra,H.S. “Identification of a DNA processing complex from Deinococcus 
radiodurans”. Biochemistry and Cell Biology 86 (2008): 448-458. 
[9]. Kota, S., Kamble, V. A., Rajpurohit, Y. S. and Misra, H. S. “ATP-type DNA ligase 
requires other proteins for its activity in vitro and its operon components for radiation resistance 
in Deinococcus radioduransin vivo”. Biochemistry and Cell Biology 88 (2010) :783-90. 
[10]. Kota,S., Kumar,C.V. and Misra,H.S. “Characterization of an ATP-regulated DNA-
processing enzyme and thermotolerant phosphoesterase in the radioresistant bacterium 
Deinococcus radiodurans”. Biochemical Journal 431 (2010): 149-157. 
[11]. Kota, S. Charaka, V.K. Ringgaard, S. Waldor, M.K. and Misra, H.S. “PprA contributes to 
Deinococcus radiodurans resistance to nalidixic acid, genome maintenance after DNA damage 
and interacts with deinococcal topoisomerases”. PLoS One 9 (2014):e85288 
[12]. Kota, S. Charaka, V.K. and Misra, H.S. “PprA shows growth dependent dynamics in 
cellular localization during post irradiation recovery of Deinococcus radiodurans”. Journal of 
Genetics 93 (2014):349-354. 
[13]. Khairnar,N.P., Kamble,V.A. and Misra,H.S. (2008) RecBC enzyme overproduction affects 
UV and gamma radiation survival of Deinococcus radiodurans. DNA Repair (Amst) 7:40-47. 
[14]. Kamble,V.A. and Misra,H.S. “The SbcCD complex of Deinococcus radiodurans 
contributes to radioresistance and DNA strand break repair in vivo and exhibits Mre11-Rad50 
type activity in vitro”. DNA Repair (Amst), 9 (2010): 488-494. 



                                                                                                                                                                    BARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTER    

FOUNDER’FOUNDER’FOUNDER’FOUNDER’S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015    

 

13 
 

[15]. Khairnar, N. P. and Misra, H. S. “DNA polymerase X from Deinococcus radiodurans 
implicated in bacterial tolerance to DNA damage is characterized as a short patch base excision 
repair polymerase”. Microbiology (UK) 155 (2009):3005-3014. 
[16]. Narumi, I., et al.  “The LexA protein from Deinococcus radiodurans is not involved in 
RecA induction following gamma irradiation”. Journal of Bacteriology 183 (2001):6951-6956. 
[17]. Kamble,V.A., Rajpurohit,Y.S., Srivastava,A.K. and Misra,H.S. “Increased synthesis of 
signaling molecules coincides with reversible inhibition of nucleolytic activity during 
postirradiation recovery of Deinococcus radiodurans”. FEMS Microbiology Letters 303 (2010): 
18-25. 
[18]. Khairnar, N. P., Misra, H. S. and Apte, S. K. “Pyrroloquinoline-quinone synthesized in 
Escherichia coli by pyrroloquinoline-quinone synthase of Deinococcus radiodurans plays a role 
beyond mineral phosphate solubilization”. Biochemical Biophysical Research Communications 
312 (2003): 303-308 
[19]. Misra, H.S., Khairnar, N.P., Atanu, B., Priyadarshin,i K. I., Mohan, H. and Apte, S. K. 
“Pyrroloquinoline-quinone: a reactive oxygen species scavenger in bacteria”. FEBS Letters 578 
(2004) :26-30. 
[20]. Shankar, B., Pandey, R., Amin, P., Misra, H. S. and Sainis, K. B. “Role of glutathione in 
augmenting the anticancer activity of pyrroloquinoline quinone (PQQ)”. Redox Report 15 
(2010): 146-154 
[21]. Rajpurohit, Y.S., Gopalakrishnan, R. and Misra, H.S. “Involvement of a protein kinase 
activity inducer in DNA double strand break repair and radioresistance of Deinococcus 
radiodurans”. Journal of Bacteriology 190 (2008): 3948-3954. 
[22]. Rajpurohit,Y.S. and Misra, H.S. “Characterization of a DNA damage-inducible 
membrane protein kinase from Deinococcus radiodurans and its role in bacterial radioresistance 
and DNA strand break repair”. Molecular Microbiology 77 (2010): 1470-1482. 
[23]. Rajpurohit, Y.S. and Misra, H.S. “Structure-function study of deinococcal 
serine/threonine protein kinase implicates its kinase activity and DNA repair protein 
phosphorylation roles in radioresistance of Deinococcus radiodurans”. International Journal of 
Biochemistry and Cell Biology 45 (2013):2541-2552. 
[24]. Charaka, V, K. and Misra, H.S. “Functional characterization of the role of the 
chromosome I partitioning system in genome segregation in Deinococcus radiodurans”. Journal 
of Bacteriology 194 (2012):5739-5748. 
[25]. Modi, K.M. Tewari, R. and Misra, H.S. “FtsZDr, a tubulin homologue in radioresistant 
bacterium Deinococcus radiodurans is characterized as a GTPase exhibiting 
polymerization/depolymerisation dynamics in vitro and FtsZ ring formation in vivo”. 
International Journal of Biochemistry and Cell Biology 50 (2014):38-46. 
 
 
 
 



                                                                                                                                                                    BARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTER    

FOUNDER’S DAY SPECIAL ISSUE 2015FOUNDER’S DAY SPECIAL ISSUE 2015FOUNDER’S DAY SPECIAL ISSUE 2015FOUNDER’S DAY SPECIAL ISSUE 2015    

 

14 
 

PREDICTIVE ABILITY OF THEORETICAL AND COMPUTATIONAL  
CHEMISTRY IN DESIGNING NOVEL COMPOUNDS OF LANTHANID ES 

AND ACTINIDES 
 

Tapan K. Ghanty 
Theoretical Chemistry Section, Chemistry Group 

 
    Dr. T.K. Ghanty is the Recipient of the DAE Homi Bhabha Science & Dr. T.K. Ghanty is the Recipient of the DAE Homi Bhabha Science & Dr. T.K. Ghanty is the Recipient of the DAE Homi Bhabha Science & Dr. T.K. Ghanty is the Recipient of the DAE Homi Bhabha Science & 
Technology Award for the year 2013Technology Award for the year 2013Technology Award for the year 2013Technology Award for the year 2013    
 
Abstract 
 
First-principles based theoretical and computational techniques are of immense importance in 
providing invaluable insights into the experimental observations, proposing new experiments, 
and designing molecules and materials for specific applications. In fact, the potential role of 
theoretical and computational chemistry to design new molecules and novel materials through 
prediction of their structure and various physico-chemical properties is well recognized 
throughout the globe as is evident from the award of 1998 Nobel Prize in chemistry to Walter 
Kohn “for his development of the density-functional theory” and John A. Pople “for his 
development of computational methods in quantum chemistry”. Interestingly, the Nobel Prize in 
Chemistry for the year 2013 has also been awarded jointly to Martin Karplus, Michael Levitt 
and Arieh Warshel “for the development of multiscale models for complex chemical systems”. In 
the present article an overview of some of our recent works, which are carried out using various 
theoretical and computational techniques is provided, with a special emphasis on the chemistry 
of lanthanides and actinides directly relevant to the back-end nuclear fuel cycle. In particular, 
our very recent work dealing with the introduction of a new chemical concept, “Intra-ligand 
Synergism” followed by design of novel ligands for the separation of trivalent actinides from 
lanthanides is presented briefly. Moreover, our recent theoretical prediction on the design of 
actinide-lanthanide encapsulated small-size new metallofullerenes, which are associated with 
very high stability and high symmetry because of the effect of geometric and electronic shell 
closing, is reviewed briefly. Finally, experimental validations of some of our theoretical 
predictions on the lanthanide-actinide separation that have been carried out at BARC through 
syntheses of the predicted ligands followed by solvent extraction experiments are also presented 
here. 
 
Keywords 
 
Actinide-Lanthanide Separation; Metallofullerenes; Theoretical and Computational Chemistry; 
Density Functional Calculations; Magic Clusters; 32-electron Principle 
 
Introduction 
 
In the past century many physico-chemical concepts and popular electron counting rules that 
have been introduced in chemistry are highly successful in rationalizing the stability of many 
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chemical systems and to explain various chemical reactions and processes. Among them, some 
of the notable ones are the concept of electronegativity,1 hard-soft-acid-base-principle (HSAB),2 
frontier molecular orbital (FMO) theory of chemical reactivity,3 Lewis octet rule,4 18-electron 
rule,5 32-electron principle 5 etc. Of late, particularly in the 1980’s and 1990’s density functional 
theory (DFT)6 has provided rigorous physical foundation to some of these concepts; for  
instances, identification of the chemical potential of the electron cloud in density functional 
theory with the negative of the electronegativity,7 quantification of the hardness parameter as the 
second order energy derivative with respect to the number of electrons,8 defining Fukui function 
within the framework of FMO,9 introduction of the principle of maximum hardness,10 and the 
concept of spin-polarized electronegativity,11 proposition of hardness-polarizability relationship 
within the FMO approach12 etc. At the same time computational chemistry gained popularity 
because of the advent of high-speed computers, development of new theoretical formalisms and 
various new theoretical tools in the domains of DFT and the post-Hartree Fock based 
approaches.13 In fact, in recent times, the theoretical and computational chemistry have been 
proven to be quite versatile in providing meaningful insights to explain the behavior of various 
chemical systems and processes.  
 
Among the available theoretical methods, the density functional theory (DFT)6 has become one 
of the most popular computational methods for large systems because of its computational 
economy and good accuracy, and its ability to treat the electron correlation effect quite 
accurately. As a consequence, it is now possible to compute the properties of various chemical 
systems and processes quite accurately using DFT based techniques. Moreover, DFT is not only 
computationally cheaper but also conceptually simpler because it involves single particle 
electron density as the basic variable. Apart from being interpretative, theoretical and 
computational chemistry is able to design new chemical systems through predicting the 
structures and properties of hitherto unknown systems with good accuracy. In fact there are 
many instances in the literature where theoretical predictions are followed by experimental 
investigations.14  
 
In this account we describe some of our recent works, which falls under this category. Thus, the 
present article provides a brief description of our recent achievements in the areas of lanthanide-
actinide separation15-16 and lanthanide-actinide encapsulated small size metallofullerenes,17-20 
where large scale electronic structure calculations are involved for predicting the structures, 
energetics, and many physico-chemical properties including infrared and electronic spectra. We 
have used various conventional physico-chemical concepts and adopted first-principle based 
DFT approach for all our investigations, as discussed in our recent works.15-20 It is well known 
that relativistic effects are very important for high Z elements such as lanthanides and actinides. 
Therefore we have taken into account the relativistic effects by using both scalar as well as spin-
orbit approaches within the framework of zeroth order regular approximations. Finally, we have 
discussed some of the experimental results that have confirmed our theoretical predictions on the 
design of actinide selective new ligands.  
 
The article is organized as follows: Some of our recent works involving lanthanides and actinides 
have been presented in the next two sections, and finally in the last section concluding remarks 
have been provided. 
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Lanthanide-Actinide Separation 
 
Design of suitable ligands for selective complexation of metal ions in solution is of enormous 
importance in various fields like medicinal biology, environmental sciences, hydrometallurgy, 
and nuclear waste management as well as for different industrial applications. In recent years, 
considerable attention has been given to understand the chemistry of actinides because of its 
close link with the nuclear waste management processes. It is well known that the radiotoxicity 
of high level liquid wastes can be reduced to a great extent through removal of long-lived α 
emitting actinides under partitioning and transmutation option and hence it is considered to be an 
important step in the back-end nuclear fuel cycle.  
 
Thus, selective extraction of actinides (An) from the lanthanides (Ln) is one of the important 
steps in the back-end nuclear fuel cycle. However, it is a challenging and difficult task because 
of very similar chemical properties of these two series of ions as they are associated with similar 
ionic radii and same coordination numbers. The HSAB principle classifies the trivalent 
lanthanides (Ln(III)) and trivalent actinides (An(III)) cations as hard Lewis acids; consequently 
their bonding is mainly ionic and primarily governed by charge density.  
 
In spite of this, there is a modest enhancement of covalency in the bonding of An(III) with 
various ligands as compared to that of Ln(III) complexes due to the larger spatial extent of the 5f 
orbitals of actinides as compared to the 4f orbitals of lanthanides. Because of this, An(III) are 
considered softer than Ln(III), and an advantageous discrimination between An(III) and Ln(III) 
ions is possible while using ligands with soft donor atoms like sulfur and nitrogen.   
 
Here it is important to note that efficiency of complex formation of either Ln(III) or An(III) with 
hard donors like oxygen is much better as compared to nitrogen or sulfur donors because both 
the set of metal ions are hard Lewis acids, and it is in agreement with the HSAB principle, which 
states that “hard likes hard” and “soft likes soft”. However, no selectivity is observed with 
oxygen donor ligands. Although actinide selective ligand with hard donor atom like oxygen 
seems highly unusual in a conventional solvent extraction based approach, we have made an 
attempt to design actinide selective new ligands associated with hard donor atoms.  
 
To accomplish our objective, we have considered15 two valence isoelectronic metal ions, viz., 
Am(III) and Eu(III) along with two other metal ions, i.e. U(III) and Ce(III) and investigated the 
complex formation process with 1,10-phenanthroline (PHEN) and its di-acid derivative, 1,10-
phenanthroline-2,9-dicarboxylic acid (PDA) (Figure 1).  
 
Consequently, both soft (nitrogen) as well as hard (oxygen) donor centers are available in the 
PDA ligand. We have also considered other ligands through functionalization of PDA with soft 
donor atom such as sulfur viz., 1,10-phenanthroline-2,9-mono-thio-dicarboxylic acid (binding 
through oxygen atoms, TCA1), 1,10-phenanthroline-2,9-mono-thio-dicarboxylic acid (binding 
through sulfur atoms, TCA) and 1,10-phenanthroline-2,9-di-thio-dicarboxylic acid (THIO). 
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Fig. 1: Structures of 1,10-phenanthroline (PHEN) and its different derivatives: 1,10-phenanthroline-2,9-
dicarboxylic acid (PDA),  1,10-phenanthroline-2,9-mono-thio-dicarboxylic acid (TCA/TCA1) and 1,10-
phenanthroline-2,9-di-thio-dicarboxylic acid (THIO). 
 
Comparing the calculated bond length values and the complexation energies (Figure 2) it has 
been found that the Am(III) is selective towards sulfur donor ligands (TCA and THIO), which is 
rather expected from the fact that 5f orbitals of actinides are more diffused in nature as compared 
to the 4f orbitals of lanthanides. However, the interesting point to be noted here is that the 
bonding interaction of Am(III) is found to be higher with PDA and TCA1 ligands as compared to 
Eu(III), where the metal-ligand binding is mainly through the hard donor oxygen atoms. Similar 
trend is also observed for U(III) and Ce(III). A higher complexation energy of the softer Am(III) 
ion with the hard donor ligands is quite unusual and it is in sharp contrast to the conventional 
ligand design methodology, where soft donors are generally used to achieve actinide selectivity. 
Nevertheless, we have rationalized the selective complex formation of An(III) over Ln(III) with 
oxygen donor ligands through providing an in-depth insight within the framework of HSAB 
principle and FMO theory of chemical reactivity.  
 
The calculated hardness value (η) for the bare Eu3+ and Am3+ ions is found to be 0.395 au and 
0.270 au, respectively, which indicate that Am3+ ion is softer than Eu3+ ion. However, η values of 
[Eu-PHEN]3+ and [Am-PHEN]3+ complexes are found to be 0.072 and 0.077 au. In other words, 
the [Am-PHEN]3+ complex is calculated to be slightly harder than the [Eu-PHEN]3+ complex, 
which is in contrast to the hardness values of the respective bare metal ions. Thus, the nature of 
the metal ion is changed dramatically after coordination with nitrogen donors present in the 
PHEN moiety, and Am3+ in [Am-PHEN]3+ moiety can be considered as harder as compared to 
Eu3+ in [Eu-PHEN]3+ fragment. Consequently, Am3+ in [Am-PHEN]3+ fragment is able to bind to 
harder oxygen donor atoms present in the two –COOH groups of PDA in a stronger way. It is 
further supported by the calculated values of Fukui reactivity indices, which reveal that the 
interaction of oxygen donor is favorable with Am3+ in [Am-PHEN]3+ complex as compared with 
Eu3+ in [Eu-PHEN]3+ complex.15   
 
From the calculated results it is quite clear that the interaction of the metal ion (An/Ln) with the 
oxygen donors in the PDA ligand is much stronger than that with the nitrogen atoms present in 
the same ligand. Therefore, to ascertain the effect of nitrogen atoms on the coordinating behavior 
of oxygen donors present in phenanthroline derivatives further, we have considered the ligand 
PDA with nitrogen atoms replaced with -CH groups. With this modification one can investigate 

PHEN                  PDA                          TCA1/TCA                       THIO 
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the behavior of the oxygen binding towards the metal ion in absence of nitrogen donors. The 
calculated results revealed that the modified ligand is devoid of any selectivity towards trivalent 
actinides. It has also been observed that the metal-nitrogen interaction is much weaker than the 
metal-oxygen interaction in the An/Ln-PDA complexes. Thus, all the calculated results clearly 
indicate that in presence of nitrogen atom as another donor center, the PDA ligand becomes 
selective towards actinides as compared to lanthanides.  
 
Based on all the calculated results, we have introduced the concept of “Intra-ligand 
Synergism”,15 and shown that selective complexation of actinides with hard donors in presence 
of soft donors, available in the same ligand is indeed favorable. The nitrogen atoms act as a 
synergistic agent to facilitate the preferential interaction between the softer actinide ion and the 
hard donor oxygen atoms, which are present in the same PDA ligand. In fact, in separation 
science intermolecular synergistic agents are used extensively for an efficient extraction of a 
particular metal ion where a second ligand known as co-extractant works in a synergistic way 
with the first ligand in presence of each other. In the literature several such investigations are 
reported where it has been demonstrated that synergistic effect plays an important role for an 
efficient and selective extraction of a particular metal ion. However, we have used synergistic 
donor atoms, which are present in the same primary ligand, and therefore coined the term, “Intra-
ligand Synergism”. Syntheses of some of the theoretically designed ligands followed by their 
solvent extraction study have also been performed to validate our theoretical predictions.  
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Fig. 2: Difference in the optimized M-N and M-O/S bond distance values (∆R in Å ) between Am(III) , Eu(III) 
and U(III), Ce(III) in presence of solvent, and Complexation energies (E/eV) of metal complexes, [ML]+, 
where M= Am/Eu/U/Ce, and Ligand=PDA, TCA1, TCA and THIO in presence of solvent 

 
Although PDA may be considered as a promising ligand for the purpose of actinide-lanthanide 
separation, it is limited by its low solubility in aqueous solution as well as in organic medium. 
However, it has been emphasized that solubility of PDA in organic medium can be enhanced 
through conversion of carboxylate groups into carboxyamides, to make it suitable for actinide-
lanthanide separation. Therefore, two valence isoelectronic metal ions, viz., Am(III) and Eu(III) 
have been considered to investigate the complex formation process with 1,10-phenanthroline-
2,9-carboxyamide (PDAM) based ligands, viz., PDAM, N,N-di-isobutyl PDAM (PDAM-
Isobutyl), and N-decyl PDAM (PDAM-Decyl), which are derived from  the 1,10-
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phenanthroline-2,9-dicarboxylic acid. The calculated values of difference in the metal-ligand 
bond lengths (Figure 3) clearly indicate that the carboxyamide based ligands are Am(III) 
selective. It is further supported by the calculated values of the complexation energies where it 
has been found that the Am-Ligand complexes are more stable as compared to the corresponding 
Eu-Ligand complexes, with a difference in the complexation energies of 3.19, 2.93 and 3.08 eV 
with the PDAM, PDAM-Isobutyl and PDAM-Decyl ligands, respectively. 
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Fig. 3: Calculated M-L bond distances (Å) for Am3+ and Eu3+ complexes with PDAM, PDAM-Isobutyl and 
PDAM-Decyl ligands in presence of solvent 
 

 
Due to very low solubility of the PDAM ligand in the organic diluents, we have alkylated the 
amide groups of PDAM through which its solubility in organic medium has been enhanced. 
Therefore, three amide-based ligands viz, PDAM (3), N,N-di-isobutyl PDAM (PDAM-Isobutyl, 
5) and N-decyl PDAM (PDAM-Decyl, 6) have been synthesized (Figure 4) and the extraction 
efficiency of these ligands have been investigated using solvent extraction technique, the details 
of which are given in our recent publication.16 It has been found that all the alkyl derivatives of 
PDAM ligand are Am3+ selective.  
 
The experimentally observed distribution ratio values are found to be 21.4, 4.62 and 10.3 for the 
Am3+ ion with PDAM, PDAM-Isobutyl and PDAM-Decyl ligands, respectively, and the 
corresponding values for the Eu3+ ion are 2.9, 1.05 and 0.2. Therefore, a maximum extraction 
efficiency and separation of Am3+ over Eu3+ with a separation factor (S.F.) of 51 has been 
observed experimentally using the ligand PDAM-Decyl as compared to the other ligands (Figure 
5) investigated by us. It is interesting to note that the separation factor is found to be the 
maximum at pH 1. Thus, all the experimental results confirm our theoretical predictions on the 
selectivity of hard donor containing ligands towards Am3+ ion. 
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Fig 4: Synthesis Schemes of PDAM (3), PDAM-Isobutyl (5) and PDAM-Decyl (6) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

      Fig. 4: Synthesis Schemes of PDAM (3), PDAM-Isobutyl (5) and PDAM-Decyl (6) 
 
Predictions of New Metallofullerenes 
 
The radioactive isotopes doped endohedral metallofullerenes are of considerable recent interests 
because of their potential applications in various fields including nuclear medicines.21-25 
Therefore, we have been interested to investigate the selective encapsulation of radioactive 
metal atom/ions using suitable fullerene. Moreover, it has been indicated that fullerene might act 
as nanoscale absorbent materials for radionuclide immobilization and it may be possible to 
entrap different actinides into carbon nanostructures, resulting into chemically stable 
radionuclide encapsulated biocompatible fullerenes for various applications including safe  
 

 

Scheme 1: i) MeOH, dry HCl, reflux, 2.5 h; ii) NH3, NH4Cl, 25 oC, 15 h. 

 
 
Scheme 2:i) SOCl2, reflux, 24 h;  ii) Diisobutylamine, DMF, 25 oC, 24 h 

 

 
Scheme 3:i) SOCl2, reflux, 24 h; ii) Decylamine, DMF, 25 oC, 24 h. 
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Fig. 5: Effect of pH on the Distribution Ratio (DAm) and Separation Factor (S.F.) of Am3+ and Eu3+ using 

PDAM-Decyl. Org. Phase: 8 x 10-3 M PDAM-Decyl in dodecane:octanol (5:1) mixture; Aq. Phase: 2M LiClO4 
at different pH 

 
management of nuclear wastes and designing cluster-assembled novel materials. The physical 
and chemical properties of a metallofullerene can be easily tuned by altering the encapsulated 
species, which in turn can act as a promising functional material. Smaller fullerenes are of 
special interest due to the presence of high curvature and huge strain energy owing to the 
presence of adjacent pentagonal rings, which lead to clusters with unusual intra and inter -
molecular bonding and electronic properties. Among the smaller fullerenes (n < 60) only C36 
have been isolated in solid form,26 although other smaller fullerenes have been identified in 
various gas phase experiments.  
 
The smaller fullerenes, which are generally formed during the production of stable fullerenes, 
are difficult to isolate because of their extremely high chemical reactivity and very low stability. 
However, encapsulation of a suitable dopant atom or ion (metal or nonmetal) may lead to the 
stabilization of smaller fullerenes. We have shown that the stability of the smaller fullerenes can 
be increased considerably through encapsulation of an appropriate metal atom or ion so that 
experimental preparation of such smaller size fullerenes may be possible. This stability gain has 
been rationalized using some fundamental electronic structure principles, viz., electronic shell 
closing, geometrical shell closing, the concept of magic number etc. We have chosen four 
different small fullerenes, viz., C20, C24, C26 and C36, and encapsulated lanthanide /actinide (Ln / 
An) atoms/ions with specific number of valence electrons to attain magic number electronic 
configuration for the central metal atom/ion (Figure 6). Here, we have provided in-depth insights 
into the process of encapsulation of various metal atoms/ions within different fullerene cages 
using computational techniques. A complete discussion of structural, electronic, bonding, 
aromatic and spectroscopic properties for all the clusters has been provided in our recent 
publications.17-20  

 

First we have considered17 one of the smallest fullerenes, C20 to investigate the encapsulation of 
a Ln/An atom/ion into it. On encapsulation of a lanthanide/actinide atom/ion with six valence 
electrons, C20 fullerene with C2h/D3d symmetry has been found to be transformed to highly 
symmetric icosahedral structure. It is important to note that the HOMO-LUMO gap of the bare 
C20 fullerene is increased from 1.9 eV to 2.5-4.9 eV after encapsulation of various Ln/An 
atom/ion into it (Figure 7). The calculated values of high binding energy per atom (6.0-7.4 eV) 
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Fig. 6: Structure of bare C2n Fullerenes and M@C
specific number of valence electrons. Molecular Point Group Symmetry i
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clusters (M = Pr–, Pa–, Nd, U, Pm+, Np+, Sm2+, Pu
are associated with very high stability as compared to the bare C20 cage. Similar to Pb

all the predicted organometallic icosahedral M@C
valence electrons occupying the metal-carbon hybrid orbitals (Figure 8), can be considered as 
highly stable clusters with “intermediate magic numbers”. The most important aspect to be 

d here is that the bare C20 fullerene with C2h/D3d symmetry is transformed to highly 
structure after encapsulation of an atom/ion with 6-valence electrons, which is 
intuitive from the fact that symmetry of a chemical system is g

after doping with an impurity atom. Preparation of the M@C20 clusters using laser ablation 
may be one of the possible ways of detecting the elusive Ih structure of C

mass spectroscopy or photoelectron spectroscopy. 

 

Fullerenes and M@C2n Metallofullerenes with M as Ln /An atom or ion with 
specific number of valence electrons. Molecular Point Group Symmetry is given within the parenthesis
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2− 
all the predicted organometallic icosahedral M@C20 systems with 26-

carbon hybrid orbitals (Figure 8), can be considered as 
highly stable clusters with “intermediate magic numbers”. The most important aspect to be 

symmetry is transformed to highly 
valence electrons, which is 

intuitive from the fact that symmetry of a chemical system is generally lowered 
clusters using laser ablation 

structure of C20 cage by 
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Subsequently, we have considered C36 fullerene, which was prepared experimentally in solid 
form26 in the past. In this case we have investigated19 different classical cage structures of C36 
fullerene with an objective to investigate the possibility of enhancing the stability of the C36 cage 
through encapsulation of a uranium atom. We have studied fifteen U@C36 isomers associated 
with various symmetries. Two competitive isomers are found to exist for the C36 cage, viz., D2d 
and D6h, whereas, for the U@C36 metallofullerene, the C6v isomer, which is derived from the D6h 
cage, is the most stable one and significantly lower in energy as compared to the other isomers. 
The stability of the most stable U@C36 metallofullerene has been rationalized through geometric 
and energetic criteria.  
 
The stability of the U@C36 metallofullerene has also been explained in terms of larger HOMO-
LUMO gap (1.8-2.5 eV as compared to 1.34 eV for bare C36 fullerene), higher binding energy 
per atom (~6.5 eV) and more compact structure, as compared to the bare C36 cage. For the 
U@C36 metallofullerene the 50 valence electrons are contributed by metal atom/ion (14 
electrons from U) and the C36 cage (36 π electrons) (Figure 9).  
 
The stability and the magic nature of the uranium encapsulated 36-atom fullerene cage, as 
evident from our calculated results, clearly indicate a possibility of formation of cluster-
assembled material consisting of U@C36 cluster as building block. The origin of the higher 
intensity peak corresponding to the U@C36 metallofullerene in the experimentally observed27 
FT-ICR mass spectrum of cluster cations formed from the vaporization of a UO2-graphite target 
may be attributed to the highly stable C6v structure, derived from the C36 cage with D6h 

symmetry. 
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Fig. 8: Molecular Orbital Diagram for the U@C20 Metallofullerene without (left) and with (right) Spin-Orbit 
Coupling 
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Fig. 9: Molecular Orbital Diagram for the U@C36 Metallofullerene without (left) and with (right) spin-orbit 
coupling 
 
Apart from the M@C20 and U@C36 metallofullerenes, two new series of metal atom/ion 
encapsulated “superatoms” fulfilling the 32-electron principle have been proposed by us. Here 
we have considered two fullerenes, viz., C24 and C26. In the case of C24 fullerene, the non-
classical C2 symmetry isomer is the most stable one for the bare cluster. However, after 
encapsulation of an atom/ion with 8 valance electrons inside the bare C24 cage, the sole classical 
isomer achieves high symmetry (D6d) and stability along with high HOMO-LUMO gap. The 
elevation of symmetry from C2 to D6d point group and gain in stability can be attributed through 
fulfillment of 32-electron principle for the central actinide/lanthanide metal atom/ion (Figure 10), 
where 32-electrons are contributed by the actinide atom (8 valence electrons) and C24 fullerene 
(24 π electrons). The calculated values of HOMO-LUMO gap and binding energy indicate that 
the encapsulation of 8-valance actinide metal atom/ion is energetically more favorable as 
compared to encapsulation of 8-valance lanthanide metal atom/ion. The calculated results show 
that, Pu@C24 is the most stable metallofullerene among all the M@C24 clusters (M= Sm, Pu, 
Gd2+, Cm2+) reported by us.18  
 
Next we have investigated the encapsulation of various lanthanide/actinide atom/ion with 6 
valence electrons into the C26 fullerene. It has been found that the electronically open-shell C26 
cluster with quintet ground state is transformed to a closed-shell singlet system on encapsulation 
with an actinide/lanthanide atom/ion with 6-valence electrons. High stability of the M@C26 
metallofullerens (M = Pr–, Pa–, Nd, U, Pm+, Np+, Sm2+, Pu2+, Eu3+, Am3+, Gd4+, Cm4+) for all the 
actinides and few of the lanthanides has been rationalized in terms of larger HOMO-LUMO gap 
(2.6-4.0 eV as compared to 1.6 eV for the bare C26 cage) and higher binding energy per atom 
(5.8-6.8 eV). Thus, the M@C26 systems with 32 valence electrons occupying the metal-carbon 
hybrid orbitals, can be considered as highly stable clusters with “magic number” of electronic 
configuration (Figure 11). Thus, in addition to the recently predicted Pu@Pb12, M@C28

 and 
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[U@Si20]
6− systems,28,29 the new series of metallofullerens reported by us18,20 strongly suggest 

that the 32-electron principle might have important implications in the chemistry of lanthanide 
and actinide compounds. Moreover, all the calculated structural, energetic and spectroscopic 
properties indicate18,20 that it may be possible to observe the M@C24 and M@C26 
metallofullerenes through suitable experimental technique. 
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Fig. 10: Molecular Orbital Diagram for the Pu@C24 Metallofullerene without (left) and with (right) spin-orbit 
coupling 
 
Conclusion 
 
A brief overview on the predictive ability of theoretical and computational chemistry in 
designing new compounds containing lanthanide and actinide atom/ion has been given in this 
article. Particularly, the importance of theoretical techniques in proposing new concept, viz., 
“Intra-ligand Synergism” and its role in predicting trivalent actinide selective new ligand 
associated with hard-donor atoms has been emphasized. However, idea of using hard-soft mixed 
donor ligands in achieving actinide selectivity is very new and therefore more collaborative and 
concerted efforts involving theoreticians, experimentalists and technologist are required to utilize 
this concept for future applications, which would indeed be interesting as well as challenging. 
Importance of stabilizing the smaller fullerenes through fulfillment of geometric and electronic 
shell closing through encapsulation of a lanthanide/actinide atom/ion within small-size fullerene 
has been highlighted, which are otherwise associated with very low stability for experimental 
preparation. Till now only limited number of investigations has been reported on the 
radionuclide encapsulated small-size metallofullerenes, and the stabilization strategy proposed 
by us might be very useful in designing new metallofullerenes involving various radionuclides. 
Entrapment of radioactive noble gas atoms is considered to be another important area of research 
in any nuclear energy establishment, and hence prediction of novel compounds involving noble  
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gas atoms is equally important. Recently we have contributed along this direction and predicted 
few chemically bonded noble gas compounds,30 however, they are stable only at cryogenic 
conditions. Further studies for the prediction of stable noble gas compound at ambient conditions 
are in progress in our group. 
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Fig. 11: Molecular Orbital Diagram for the U@C26 Metallofullerene without (left) and with (right) spin-orbit 
coupling 
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Abstract 
 
A new process for selective separation of cesium from acidic nuclear waste solution has been 
described using 1,3-dioctyloxycalix[4]arene-crown-6 (CC6)/n-dodecane modified with isodecyl 
alcohol. The solvent has shown strong extraction ability for cesium between 1 to 6.0 M nitric 
acid. Stoichiometry of the extracted complex determined by slope analysis method reveals 1:1:1 
molar ratio for Cs+, CC6 and HNO3. Extraction of cesium was found to be independent of nitrate 
ion concentration, due to formation of solvated free ions Cs+CC6.HNO3 and NO3

- in the organic 
medium. Lab scale mixer-settler experiments with four extraction, two scrubbing and four 
stripping stages removed about 99% of cesium with very high selectivity from high level waste 
(HLW) solution. Plant scale operation with 12 extraction and 12 stripping stages gave 99.97 % 
recovery of cesium from sulphate bearing legacy HLW.  
 
 
Introduction 
 
Safe management of high level radioactive waste (HLW) solution is one of the most important 
technological challenges faced by the nuclear industries. Development of efficient separation 
processes for removal of harmful radiotoxic elements from waste solutions will be the key for 
success and public acceptance of nuclear energy program. The toxicity of the waste is mainly 
due to the presence of unrecovered U and Pu, long-lived minor actinides such as Np, Am, Cm 
and radioactive fission products, mainly rare earths, 99Tc, 90Sr and isotopes of cesium (135Cs, 
134Cs and 137Cs). Removal of residual Uranium and Plutonium from the waste can be done by 
employing TBP as a solvent. Actinide partitioning and Transmutation (P&T) is the proposed 
strategy for safe management of minor actinides, where they will be separated from the waste 
and converted to short-lived or stable nuclides in a high energy flux reactors. It is known that,    
137Cs (t1/2 = 30.1 years) and 90Sr (t1/2 = 28.9 years) are major heat emitting nuclides contributing 
largely on heat and radiation load of HLW and 135Cs (t1/2 = 2.3 x 106 years) has a long term 
adverse impact on ecology due to its mobility in repository [1]. Removal of 137Cs and 90Sr 
provides several advantages, like, significant reduction in the need for redundant cooling of the 
waste solution, reduction in time of vitrified waste storage before disposal in geological 
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formation, increases the stability of vitrified waste which results in increase in capacity of 
geological repository, facilitates the handling and transport of waste, and also the separated 137Cs 
can be used as gamma source in medical and industrial applications. It is, therefore, imperative to 
develop an efficient separation process for recovery of cesium from HLW. In fact, its selective 
separation from HLW solution, containing large content of sodium and other competing ions, has 
long been one of the most challenging goals [2].  
 
The calix[4]arene-crown-6 ethers are one of the most widely investigated class of calix-crown 
ring system for their application as host molecules for selective separation of cesium ion from 
acidic and alkaline nuclear waste solutions. These calix-crown-6 ethers, when fixed in 1, 3 
alternated conformation posses a cavity which is highly complementary to cesium ion and serve 
as potential extractants for selective separation of cesium ion in liquid-liquid extraction processes 
from solution containing large amount of Na+, H+ and other metal ions. This property has 
enabled their exploitation in selective separation of radioactive cesium from acidic nuclear fuel 
reprocessing solutions containing much large amount of sodium compared to cesium. However, 
difficulty in synthesis of calix-crown-6 molecules at larger scale and their incompatibility with 
PUREX based diluents (n-dodecane) complicates the attempt to develop a process for separation 
of cesium from HLW at industrial scale [3]. In an effort to recover cesium from HLW solution, 
we have successfully synthesized 1,3-dioctyloxycalix[4]arene-crown-6 at larger scale 
indigenously and also developed diluent system based on n-dodecane and isodecyl alcohol 
(IDA), which is our existing diluent system for on-going program on separation of minor 
actinides and strontium from HLW solution [4].   
 
In this report, results of batch and continuous counter-current extraction of cesium from 
controlled and sulphate bearing legacy HLW solutions at lab and plant scale runs are presented. 
 

Experimental  
 
CC6 (Fig.1) was synthesized and purified according to procedure described by Casnati et al. [2]. 
The product was obtained as white needle crystals with a sharp melting point of 94-96 oC. The 
composition of HLW solution is listed in Table 1, it is a high salt content historical waste called 
legacy HLW, stored in our waste tank farm.  
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Fig.1: Structure of 1,3-dioctyloxycalix[4]arene-crown-6 
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Table1: Batch extraction of metal ions from legacy HLW solution 

Organic phase: 0.03 M CC6 + 30% IDA / n-dodecane 
Aqueous phase: HLW solution, HNO3 = 3.6 M, Sulphate = 8 g/L, O/A = 1 
Gross β = 5.4 Ci/L, Gross α = 3.66 mCi/L 
137Cs = 1.75 Ci/L, 90Sr = 1.5 Ci/L, 106Ru = 1.2 mCi/L, 125Sb = 1.12 mCi/L, 144Ce = 0.97 mCi/L 

 
For the determination of distribution ratio (DM), equal volume of organic phase constituted with 
CC6, isodecyl alcohol/n-dodecane and aqueous phase containing metal ions was equilibrated for 
10 minutes in a 5 mL glass vial. After the phase separation by centrifugation, the organic and 
aqueous phases were separated and analyzed for metal ions, the DM was calculated as the ratio of 
concentration (or radioactivity) of metal ion in the organic phase to the aqueous phase.  
 

Results and discussion  

Extraction of cesium 

Preliminary studies on dissolution of CC6 in n-dodecane at 25 ±1oC has shown that a solution up 
to 0.03 M is stable for more than two months, above this concentration the dissolution was 
assisted by sonication, however after standing for 48 hours, a powdery white solid was 
precipitated out. CC6 was found to have good solubility in isodecyl alcohol + n-dodecane 
mixture, the solubility increases with increase in isodecyl alcohol content in the mixture. 
Extraction of cesium with CC6 + IDA/n-dodecane solutions was carried out and the results in 
variation of DCs as a function of isodecyl alcohol concentration at different CC6 molarities (0.01-
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0.03 M) were shown in Fig.2. There was almost no extraction of cesium when CC6 was 
dissolved only in n-dodecane, extraction was observed only on addition of isodecyl alcohol to 
the solvent. Extraction of cesium increases with increase in concentration of isodecyl alcohol for 
all the concentrations of CC6. Isodecyl alcohol, being a polar molecule, helps in solvating the 
polar calix-crown-cesium complex, therefore, with increase in isodecyl alcohol concentration, 
DCs increases. From the results, it is clear that a higher concentration of isodecyl alcohol is more 
suitable for effective extraction of cesium. 0.03 M CC6/n-dodecane containing 30% and above 
isodecyl alcohol content was considered as appropriate process solvent for effective separation of 
cesium from acidic HLW. The relation between DCs and HNO3 (initial) concentration for 0.03 M 
CC6 + 30% IDA/n-dodecane is shown in Fig.3. A very small increase in DCs was observed in 
lower region of nitric acid, up to 1 M nitric acid concentration DCs was 0.58, and above it the 
increase was significant up to 6 M nitric acid (DCs ~ 6.6) and then decreases with further increase 
in nitric acid concentration. Thus, indicating a significant role of nitric acid in extraction process. 
The acid dependency on the extraction of cesium was determined from nitric acid solutions of 
constant nitrate concentrations or at fixed ionic strength of 4.0 M (H,Na)NO3. The observed 
slope of 0.976 ± 0.035 suggests the presence of one molecule of HNO3 in the extracted complex. 
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Fig.2: Variation of DCs at 3.5 M HNO3  
           with isodecyl alcohol concentration   
                                                                                                        

Fig.3: Extraction dependency of cesium  
          on initial nitric acid concentration  

 
The increase in nitric acid concentration favors the formation of organic soluble Cs+.CC6.HNO3 
adduct, thus, resulting in increase in DCs. However, beyond 6 M nitric acid, decrease in DCs is 
attributed to the competitive extraction of nitric acid by CC6. The existence of nitric acid in the 
complex is likely due to hydrogen bonding between HNO3 and etheric group of crown ether 
moiety of CC6. It is interesting to note that extraction of cesium is almost negligible at lower 
nitric acid concentrations (≤ 0.1 M), therefore this important property is used for stripping 
cesium with deionized water. The extractant dependency plot is a straight line with a slope of 
0.99 ± 0.02, indicating participation of one molecule of CC6 in the extracted complex. Role of 
counter anion on the extraction was determined from DCs variation with [NO3

̄ ] initi at constant 
initial nitric acid concentrations. The results show no change in DCs with increase in nitrate ion 
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concentration. Contrary to extraction behavior of most of the neutral extractants, this result 
suggests that nitrate ion is not participating in the cesium
The stoichiometry of the complex indicated one cesium ion bonded with one molecule each of 
CC6 and HNO3 to give a cationic complex of type CsCC6
ion paired with NO3 

̄ ion to give CsCC6.HNO
give free ions CsCC6+.HNO3 
 
The extraction process may be thus represented as:
 
   Cs+ 

aq + NO3 ̄ aq + CC6 org + HNO

   Cs+ 
aq + NO3 ̄ aq + CC6 org + HNO

 

A non-polar diluents with low dielectric constant such as alkanes and aromatic hydrocarbons 
favor ion-pairing as shown in equation 1, whereas, in polar diluents like o
ethers, nitrobenzene, ion-pair dissociation is favorable following equation 2. Since, in the present 
case the diluent used is n-dodecane with relatively high concentration (30% v/v) of polar phase 
modifier, isodecyl alcohol, it is therefore, expected that the
constant to favor ion-dissociation mechanism as shown in equation 2. Also, due to hydrogen 
bonding and electron pair donating ability of isodecyl alcohol, it can stabilize the complex cation 
and anion by solvation, thereby, increasing internuclear separations and preventing their close 
contact. Thus, the anomalous behavior of independency of 
attributed to extraction mechanism following equation 2, where the ionic species are 
predominantly dissociated ions as CsCC6
 
Batch extraction test of cesium from HLW solution
 
The extraction behavior of cesium and other metal ions present in HLW solution was 
investigated using 0.03 M CC6 + 30% IDA/
elements (DM) and separation factors with respect to cesium are tabulated (Table 1). The results 
showed that DCs is much higher compared to other elements, thus, indicating a very high 
selectivity for cesium extraction over other elements. Radiolysis of the process solvent up to an 
absorbed γ-dose of 0.6 MGy produces essentially no deterioration in its performance 
 

Lab scale counter-current mixer

The main objective for counter
for maximum recovery of cesium at high purity from HLW solution. Uranium was separated 
using TBP prior to the runs. Taking into account of reasonably high 
deionized water, four stages each of extraction and stripping at A/O of 1:1 was thought suitable 
for generating extraction and stripping data. Considering very low distribution ratios of other 
elements, only two stage of scrubbing unit was employed. Scrubbing of clear loaded org
phase was then carried out with 3.5 M nitric acid at O/A ratio of 2:1. 
concentration profile of cesium in cpm/ml (after suitable dilution) across the extraction, 
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concentration. Contrary to extraction behavior of most of the neutral extractants, this result 
suggests that nitrate ion is not participating in the cesium-CC6 complex formation. 
The stoichiometry of the complex indicated one cesium ion bonded with one molecule each of 

to give a cationic complex of type CsCC6+.HNO3. This complex either remains 
ion to give CsCC6.HNO3.NO3, or may remains dissociated from NO

 and NO3 
̄ .  

The extraction process may be thus represented as: 

+ HNO3 aq  CsCC6.NO3.HNO3 org                      

+ HNO3 aq  CsCC6+.HNO3 org + NO3 ̄ org              

polar diluents with low dielectric constant such as alkanes and aromatic hydrocarbons 
pairing as shown in equation 1, whereas, in polar diluents like o

pair dissociation is favorable following equation 2. Since, in the present 
dodecane with relatively high concentration (30% v/v) of polar phase 

modifier, isodecyl alcohol, it is therefore, expected that the diluent will have fairly high dielectric 
dissociation mechanism as shown in equation 2. Also, due to hydrogen 

bonding and electron pair donating ability of isodecyl alcohol, it can stabilize the complex cation 
thereby, increasing internuclear separations and preventing their close 

contact. Thus, the anomalous behavior of independency of DCs on NO3 ̄ ion concentration may be 
attributed to extraction mechanism following equation 2, where the ionic species are 

dominantly dissociated ions as CsCC6+.HNO3 and NO3 ̄  in the solvent [5]. 

Batch extraction test of cesium from HLW solution   

The extraction behavior of cesium and other metal ions present in HLW solution was 
investigated using 0.03 M CC6 + 30% IDA/n-dodecane. The distribution ratios of all the 

) and separation factors with respect to cesium are tabulated (Table 1). The results 
is much higher compared to other elements, thus, indicating a very high 

traction over other elements. Radiolysis of the process solvent up to an 
dose of 0.6 MGy produces essentially no deterioration in its performance 

current mixer-settler studies  

The main objective for counter-current mixer-settler runs was to optimize flow sheet parameters 
for maximum recovery of cesium at high purity from HLW solution. Uranium was separated 
using TBP prior to the runs. Taking into account of reasonably high DCs, and good stripping with 

tages each of extraction and stripping at A/O of 1:1 was thought suitable 
for generating extraction and stripping data. Considering very low distribution ratios of other 
elements, only two stage of scrubbing unit was employed. Scrubbing of clear loaded org
phase was then carried out with 3.5 M nitric acid at O/A ratio of 2:1. 
concentration profile of cesium in cpm/ml (after suitable dilution) across the extraction, 

    

concentration. Contrary to extraction behavior of most of the neutral extractants, this result 
plex formation.  

The stoichiometry of the complex indicated one cesium ion bonded with one molecule each of 
. This complex either remains 

mains dissociated from NO3 
̄ ion to 

                               (1) 

                      (2) 

polar diluents with low dielectric constant such as alkanes and aromatic hydrocarbons 
pairing as shown in equation 1, whereas, in polar diluents like o-nitrophenyl alkyl 

pair dissociation is favorable following equation 2. Since, in the present 
dodecane with relatively high concentration (30% v/v) of polar phase 

diluent will have fairly high dielectric 
dissociation mechanism as shown in equation 2. Also, due to hydrogen 

bonding and electron pair donating ability of isodecyl alcohol, it can stabilize the complex cation 
thereby, increasing internuclear separations and preventing their close 

ion concentration may be 
attributed to extraction mechanism following equation 2, where the ionic species are 

in the solvent [5].  

The extraction behavior of cesium and other metal ions present in HLW solution was 
dodecane. The distribution ratios of all the 

) and separation factors with respect to cesium are tabulated (Table 1). The results 
is much higher compared to other elements, thus, indicating a very high 

traction over other elements. Radiolysis of the process solvent up to an 
dose of 0.6 MGy produces essentially no deterioration in its performance  

 

ttler runs was to optimize flow sheet parameters 
for maximum recovery of cesium at high purity from HLW solution. Uranium was separated 

, and good stripping with 
tages each of extraction and stripping at A/O of 1:1 was thought suitable 

for generating extraction and stripping data. Considering very low distribution ratios of other 
elements, only two stage of scrubbing unit was employed. Scrubbing of clear loaded organic 
phase was then carried out with 3.5 M nitric acid at O/A ratio of 2:1. Fig.4 shows the 
concentration profile of cesium in cpm/ml (after suitable dilution) across the extraction, 
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scrubbing and stripping stages, since the extraction of other elements were very low, therefore, 
their concentrations were only analyzed in the final strip aqueous solution. The results showed a 
good material balance with 99% extraction of cesium from HLW solution, four stages of 
stripping was found adequate to strip cesium from loaded organic, the discharged solvent 
contained less than 0.5% cesium. The total concentration of impurities in the cesium strip 
solution was found to be less than 1mg/l. The trials were repeated ten times with recycled 
solvent, the efficiency of the solvent was retained in all the runs.  
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       Fig. 4: Cesium concentration profile.  

     Stages: 1-4   Extraction, 5-6 Scrubbing and  
7-10 stripping 

Fig.5: In cell view of cesium separation facility at 
WIP, Trombay 

 
Plant scale counter-current mixer-settler run  
 
To meet the requirements of maximum possible recovery of cesium from HLW at plant scale, 
few changes were made in the composition of the solvent and in the number of stages of mixer-
settler. Solvent was constituted with higher percentage of the phase modifier, 50% IDA instead 
of 30% to obtain better extraction efficiency (DCs = 9), total number of extraction and stripping 
stages were increased to 12 x 2 from of 4 x 2. As the extraction of competing ions is negligible, 
therefore, no scrubbing section was kept. The extraction and stripping efficiencies obtained were 
more than 99.95 %, the 137Cs mass balance was good with less than 0.1mCi/L 137Cs left in the 
stripped solvent phase. Solvent retained the extraction and stripping properties throughout the 
run which lasted for continuous 20 days. This run processed about 30,000 liter of legacy HLW 
and 45,000 Ci of 137Cs has been separated. The separated cesium was made as vitrified radiation 
source (pencils) and supplied to BRIT for commercial utilizations. In-cell view of the plant is 
shown in Fig.5. Following are the results of plant scale run:   
 
Solvent: 0.03 M CC6 + 50% IDA/n-dodecane 
Feed: Sulphate bearing HLW, HNO3= 3.8 M 
Strippant: 0.01 M HNO3 
Flow rates: Feed = 80 L/h, Solvent: 60 L/h, Strippant: 60 L/h  
HLW processed: 30,000 L 
137Cs in HLW = 1.8 Ci/L, 137Cs in raffinate = 0.5 mCi/L, 137Cs in product = 2.5 Ci/L 
% Recovery = 99.97 
137Cs Recovered: 45,000 Ci 
Cs (DF feed/raff) = 3600 



                                                                                                                                                                    BARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTER    

FOUNDER’FOUNDER’FOUNDER’FOUNDER’S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015    

 

34 
 

Conclusions 

CC6 constituted with a mixture of isodecyl alcohol and n-dodecane is found to be highly 
efficient solvent for separation of cesium from acidic high level waste solutions. Plant scale 
mixer-settler runs were smooth without any hydrodynamic problems, the extraction and stripping 
efficiencies were very high with 99.97% recovery of cesium from legacy HLW solution. 
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Abstract 
 
Pulsed Power based devices have been developed and utilized to study matter under pressure or 
in high temperature plasma states. These include “Electric Gun” to accelerate flyers to >6 km/s 
which are impacted on samples like tantalum, aluminum, iron and tin to obtain pressures up to 
70 GPa with on-line observation of phase transitions. Capacitor banks have been used to drive 
“Rail Gun” to accelerate projectiles to >3 km/s or ultra-high pulsed magnetic fields of >260 
Tesla compress targets as also to produce and characterize “pinch” plasmas. Inductive Energy 
systems have been developed to obtain current amplification of >70. Exploding conductor based 
opening switch schemes have been devised to shape short and fast current pulses. Systems and 
diagnostics have been applied to monitor fissile materials especially the high efficiency neutron 
detectors passive monitoring of waste hull. 

 
Introduction 
 
Capacitor bank and inductive storage systems are potential energy drivers for various devices 
used in basic studies of matter at high pressures, density or temperatures. A number of research 
and development activities related to Pulsed Power Sources and their use in strategic as well as 
in basic science studies have been developed, characterized and utilized by us. Salient features of 
some of these facilities are noted in Table-1.  
 
Electrically Exploding Foil (Electric Gun) Accelerators 
 
Electrically exploding foil accelerator (EEFA, also known as electric gun) works on the principle 
of electrical explosion of conductors by discharge of energy stored in a fast capacitor bank. 
Discharge of current ohmically heats and explodes a thin metallic bridge foil like a super high 
explosive, sandwiched between two dielectric sheets backed by a heavy tamper on one side and 
an appropriate size barrel on the other.  These systems find applications in high pressure shock 
studies of materials especially energetic and hazardous (such as actinides) in nature. In our 
laboratory EEFA of various energies have been developed for different applications. This 
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include1 a portable 1.6 kJ (ELG-2) set up for initiation studies of high explosives, 8 kJ (ELG-8) 
system for high pressure impact studies and a miniaturized low energy (up to 100J) system.  
 
The ELG-2 system (see Fig .1.) has been developed and commissioned to carry out shock 
initiation studies on high explosives. An important aspect of system design is its portability. A 
flyer velocity ofto 4.0 km/s have been measured in Kapton flyers of thickness 125 µm and 
diameter 8 mm. Experiments carried out on wax bounded RDX pellets measure detonation and 
its simultaneity at free surface using optical fibers connected to fast photodiodes. The values are 
found to be in good agreement with the theoretical estimations.  
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
                       Fig.1: ELG-2 System                                            Fig.2: PCB Mounted Spark gap and EEFA 

 
 
ELG-8 system (Fig.2.) is designed to accelerate larger diameter flyers (~10 mm) to higher 
velocities and conduct shock studies at relatively high pressures with better accuracies. In 
experiments a maximum velocity of 6.3 km/s has been registered in 125 µm thick x 6 mm 
diameter Kapton flyers with planarity in the range of a few milliradians.  
 
The performance of these systems have been characterized with an in house developed Fabry-
Perot velocimeter (FPV), which measures the Doppler shift in the light reflected from the 
moving surface and can measure velocities in the range of 0.2-10 km/s with a resolution of 0.2 
km/s. This interferometer was recently improvized2 with dual beam configuration to yield 
information from two moving surfaces in same shot, Different metals like aluminum, copper, tin, 
tantalum, tin, titanium and zirconium in the form of thin foils have been subjected to impacts 
with peak shock pressures of up to 70 GPa being attained in tantalum. Peak particle velocities at 
the target-glass interface measured by FPV have been found in good agreement with the reported 
equation of state data. A fiber optic based technique has been implemented to measure the shock 
velocity in stepped copper targets based on measuring the time delay in the shock breakouts at 
the consecutive steps. Measured shock velocity has again been in reasonable agreement with the 
reported equation of state data. In-situ measurement of projectile as well as particle or shock 
wave velocity in impacted targets has also been carried out3 wherein phase transition in Ti and Zr 
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foils has been recorded at pressures well in agreement with reported data. Typical record for the 
case of impact on Zn foil is shown in Fig. 3.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.3: Streak Photograph and Corresponding Velocity 

Profile in Zn Sample 
 

Initiation studies carried out on ELG-2 system have been extended to develop miniaturized and 
flexible assemblies. To achieve compactness, exploding foil assembly has been designed over a 
printed circuit board with an arrangement to safely hold an explosive pellet over it. To provide 
flexibility and low inductance, this assembly has been connected to high voltage capacitor using 
2 meter long bunch of RG-174 coaxial cables. This arrangement helps in placing this assembly at 
a desired location away from the capacitor bank, spark gap and high voltage charging unit. With 
capacitor of 100J energy the velocities up to 3.0 km/s has been achieved on Mylar flyers 
diameter 3.0 mm and thickness 75 µm. Later the exploding foil assembly and spark gap, 
designed and characterized over a small piece of printed circuit board, were integrated together 
(Fig.9). This integrated assembly has been found to accelerate 3 mm diameter flyers up to a 
velocity of 1.6 km/s with a 40 J capacitor.A numerical scheme based on 1D Lagrangian finite 
difference formulation has been also developed for theoretical modeling of such systems. The 
developed numerical scheme is validated against experimental and simulation data reported in 
literature on systems of different energies. Numerically computed flyer velocity profiles and 
final flyer velocities have been found in close agreement with the reported experimental data and 
also with the results measured in our laboratory.  

 
Rail Gun 
 
Rail gun essentially consists of two parallel metal bars (rails) separated by suitably sized 
insulator blocks to form its barrel. Projectile is placed between the rails and backed by an 
armature (metal or plasma) to complete the current path. As a high current is passed through the  
rails and armature, the latter is accelerated by the electromagnetic force to push the projectile. In 
our lab, we have developed a 60cm long; 6mm square bore rail gun. The rails consist of two 12x 
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 (a)  

 (b) 

12 mm2 ETC grade copper bars. A 4mm deep step was introduced on either side of the rails to 
get a bore size of 6mm x 6mm. The rail gun is fired by a 38 kJ capacitor bank with peak current 
of 150kA with a quarter cycle rise time 0.12ms. A velocity of 3.1 km/s has been obtained which 
matches well with theoretically expected value of 3.2 km/s Assembly and typical signals in a 
shot are shown in Fig.4.  Another 200 kJ capacitor bank has been commissioned for enhancing 
the velocity further with a new rail gun set up. 

 
 
 
 
 
 
 
 
 
 
 
   
 
         
 
 

 
 
 
 
 
 

 
 
 

                                           
                                          Fig.4. (a) System Photograph &  

                 (b) Experimental Results with 38 KJ Rail Gun Assembly 
 
Ultra-High Magnetic Field Generation Devices  
 
With an aim is to develop a facility to generate high (multi mega gauss) magnetic field, two 
different schemes4 have been implemented in our lab.  These are inertial magnets and 
electromagnetically driven flux compression generators, briefly described below. 

  
Inertial magnets 
 
Inertial magnets are single turn coils made out of copper with 12 to 15mm thickness as shown in 
Fig. 5. These have been powered by MAGIC capacitor bank. The current flowing through the 
coil results in corresponding magnetic field at the coil center. The coil generates high magnetic 
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field by virtue of its inertia. Experiments have been carried with various coil dimensions and a 
maximum peak magnetic field of 257 T has been realized4, using a copper coil with 3.6mm inner 
diameter, 35mm outer diameter and 5mm length.  A compact B-dot probe has been used to 
measure this transient magnetic field with an estimated error of ±25 T.   
 
 
  
 
  
 
 
 
 
 
 
 
 
Fig.5. (a) Photograph of a Single Turn Coil and (b) Experimentally Measured Rate Change of Magnetic Field 
and Its Strength 
                                                                   
Electromagnetic flux compression generators 
 
Experimental investigation on the electromagnetically driven flux compression generators have 
been carried out with the aim to generate high magnetic field and to use the magnetic pressure 
associated with these high magnetic field for high pressure study in materials. The device 
includes a primary coil and a co-axial liner imploded to the central axis, by the Lorentz force (Jθ 

x BZ), where Jθ is the induced current in the liner and BZ is the primary coil magnetic field 
strength. Fig 6 shows the experimental set up. A peak magnetic field of 120T has been obtained 
utilizing 49kJ of MAGIC capacitor bank energy to accelerate a 0.5mm thick aluminum liner. A 
time rate of change of 0.9 x 108T/s has been obtained, which indicates the possibility of using 
this device as dynamic transformer generating high voltage pulses. 
 
 
  
 
 
 
 
 
 
 
 
 
 (b) 
 
Fig.6: (a) EMFC Coil Assembly and (b) Experimentally Measured Magnetic Field and its Rate Change  
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Experiments on Explosively Driven Flux Compression Generators 
 

xplosively driven magnetic flux compression generators are essentially the high current, 
compact and disposable pulsed power systems with energy density much larger than capacitor 
driven systems. Invented in the 1950’s, such generators are capable of delivering ultra-high 
currents and voltages (up to tens of MA) in the time duration of few tens of microseconds. In 
order to have such generators for single shot applications especially to generate ultra-high 
magnetic field, which can be used to compress matter in an isentropic manner, devices and 
experiments have been carried out using 500 gm Comp-B explosive filled helical coils. So far a 
gain of about 70 has been achieved in these experiments with an initial current of 3 kA. 
Typically recorded signal is shown in Fig. 7. 
 
 
 
  
 
 
 
 

 
 
 
 
 
 
     Fig. 7: Current Signal in an FCG Experiment             Fig. 8. Fast High Voltage Pulse using Opening Switch 
 
Opening Switch Development 
 
Opening switch is one of the possible components for power conditioning system which couples 
low impedance magnetic flux compression devices to the high impedance loads like high power 
microwave diodes. For this purpose, thin wires and foils which transform from a low impedance 
to high impedance in a short time upon explosion due to passage of fast currents function as 
opening switches. Work has carried out in our lab using low energy systems such as 7.1µF/ 
40kV capacitor, charged to 15-25 kV. With a 5 mm wide, 125 micron thick aluminum foil, a 280 
kV, <80 ns rise time and 120 ns FWHM pulse across 30 ohm could be generated with 22 kV 
sinusoidal capacitive discharge input as shown in Fig. 8. Such pulses have been used to drive a 
HPM device5 earlier. To generate fast and high current pulses, considerations need to be different 
than for voltage and if used with another opening switch a single pulse can be generated. 
Accordingly, current pulse of about 400 ns rise time and 1.3 µs width have successfully been 
generated from 7.5 µs half cycle capacitive discharges. Work is in progress to obtain a few 
hundred ns, MA level current pulse which should be suitable to magnetically drive metallic 
flyers to high velocities or yield isentropic compressions in metallic samples. 

E



                                                                                                                                                                    BARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTER    

FOUNDER’FOUNDER’FOUNDER’FOUNDER’S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015    

 

41 
 

Use of in-house Developed Neutron Detectors to Assay Fissile Materials 
 
Plutonium and Uranium based nuclear materials need to be assayed for the purpose of nuclear 
material accounting, owing to strategic importance as well as radiological safety implications. 
Such characterization and assaying is also essential for safe disposal of nuclear waste and 
safeguards against proliferation. Thus interrogation and assay of plutonium/ uranium and other 
transuranic components, the so called special nuclear materials (SNM) is highly relevant for 
scientific and technical research and developments. In this direction work has been carried out 
both on active6-7 i.e. induced fission reactions; and passive i.e. self emitted radiations techniques. 
In the latter, characteristic γ-rays from fissile or fertile components and their daughter products is 
one of the well known methods but being of low energy (a few hundred keVs), these can be 
attenuated and shielded by a few cm thick high Z material. Thus monitoring of the neutrons 
emitted due to spontaneous fission and (α,n) reactions in such materials or compounds can prove 
to be a simple and effective way especially for Pu based systems.  
 
We have a long programme of preparing high sensitivity He3 gas based proportional detector 
systems. Such detectors have now been deployed for the purpose of monitoring Pu content in 
waste hull drums. The method involves establishing correlation between the amount of Pu in the 
hull with the neutron emission from Pu from spontaneous fission as well as from α-n reactions, 
and the knowledge of the isotopic composition of the fuel. This correlation has been established 
by measurement of the passive neutron signal from the hull drum using He3 detectors, in 
conjunction with the extensive Monte Carlo simulations. A set up based on such a method has 
been installed8 in one of the reprocessing plants. 
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Introduction 
 
Targeted cancer therapy using cancer seeking molecules tagged with particulate emitting 
radioisotopes is being practiced for last six decades. This particular therapeutic modality was 
dominated by treatment of thyroid cancer using radioiodine (Na131I). Clearer understanding of 
cancer biology coupled with significant advancements in molecular biology and biotechnology 
in the last couple of decades have brought about tremendous prospect in the development of 
radiotherapeutic agents for the treatment of cancers other than that of the thyroid as well as for 
certain other diseased states, such as arthritis. The success of radionuclide therapy also emerged 
from the availability of suitable radionculides in large quantities and with high specific activity 
for radiolabeling biomolecules targeted to receptors which are up-regulated in cancer cells.  
 
Among the wide spectrum of radionuclides proposed for in vivo therapeutic use, 177Lu has 
emerged as one of the pivotal radionuclide in therapeutic nuclear medicine during the last decade 
by virtue of its attractive nuclear decay properties, favourable production logistics and 
straightforward coordination chemistry [1-5]. Lutetium-177 decays to stable 177Hf with a half-life 
of 6.65 d by emission of β- particles with Emax of 497 keV (78.6%), 384 keV (9.1%) and 176 keV 
(12.2%). The emission of low-energy gamma photons [Eγ=113 keV (6.6%), 208 keV (11%)] 
enable imaging and therapy with the same radiolabeled preparation and allow dosimetry to be 
performed before and during treatment as well.  
 
The moderate energy beta emission of 177Lu is effective in destroying small tumors and 
metastatic lesions (typically less than 3 mm diameter) while sparing the surrounding normal 
tissue. In this respect, 177Lu is complementary to 90Y [T½ = 64.2 h, E β(max) = 2282 keV]. 
Moreover, the relatively longer half-life of 177Lu provides logistic advantage for shipment to 
places far away from the reactors. While the physical half-life and energy of β- emission of 177Lu 
are very similar to that of 131I [T½ = 8.02 d, E β(max) = 606 keV (89.9%), 333 keV(7.3%); Eγ = 364 
keV (81.2%), 636 (7.3%)], the emission of imageable gamma photons with significantly lower 
abundance compared to that of 131I offers a distinct advantage. Indigenous cost-effective 
sourcing of the radioisotope with adequate quantity and specific activity required for saturable 
receptor targeting usign medium flux reactor facility was a challenge. Extensive optimization 
studies on irradiation time, target burn-up etc. finally resulted a standardized protocol for  
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production of 177Lu with adequate specific activity in the highest available neutron flux position 
Dhruva reactor. Based on this protocol, 177Lu in adequate specific activity, radionuclidic purity 
radiochemical purity is being routinely produced and supplied to at least ten leading nuclear 
medicine centres across India as a pharmaceutical ingredient. Three different therapeutic 
radiopharmaceuticals, namely, 177Lu-DOTA-TATE (DOTA-TATE = DOTA0-Tyr3-Octreotate), 
177Lu-EDTMP (EDTMP = Ethylenediamminetetramethylene phosphonic acid).  
 
Production of 177Lu 
 
Two different production strategies, namely, direct thermal neutron activation of enriched (in 
176Lu) lutetium target and thermal neutron activation enriched (in 176Yb) ytterbium target leading 
to the formation of 177Lu from the β- decay of the short-lived activation product 177Yb (T½ = 1.9 
h) have been explored in order to obtain 177Lu suitable for therapeutic applications, particularly 
targeted cancer therapy using receptor targeting carriers [6-8].  
 
Production 177Lu using enriched 176Yb as target provides no-carrier-added (NCA) form 
(theoretical specific activity 40.33 TBq/mg, 1090 Ci/mg), however, the need of a radiochemical 
separation procedure to isolate 177Lu of >99.9% radionuclide purity as well as recovery of 
expensive enriched 176Yb targets pose major impediments for its regular utilization. Moreover, 
irradiation of 1 mg of 99% enriched (in 176Yb) Yb2O3 at a thermal neutron flux of 5×1014 n/cm2.s 
produce only ~5.55 GBq (~150 mCi) of 177Lu. Therefore reliable and sustainable large-scale 
production of 177Lu to meet its emerging global demand through indirect route is not only 
challenging but also a capital intensive task.  
 
In BARC, production of 177Lu with specific activity adequate for preparing receptor-specific 
therapeutic radiopharmaceuticals by direct (n,γ) route was realized in medium flux Dhruva 
reactor by using lutetium target enriched in 176Lu (80% or more). Two reasons contributing to 
this unique advantage are, (i) 176Lu has very high thermal neutron capture cross section (σ = 
2090 b, I0 = 1087 b) for formation of 177Lu and (ii) neutron capture cross section of 176Lu do not 
follow 1/v law and has a strong resonance very close to the thermal region [9]. In the optimized 
protocol for production of 177Lu, Lu2O3 (84.6% enriched in 176Lu) was used as the target.  
 
A stock solution of the target was prepared by dissolving it in 0.1 M suprapure HCl (1 mg/mL 
Lu). Measured aliquot of this solution was dispensed in a quartz ampoule and carefully 
evaporated to dryness. The ampoule was subsequently flame sealed, placed inside the irradiation 
can made of 1S aluminum [22 mm (φ) × 44 mm (l)] and irradiated in the Dhruva at a thermal 
neutron flux of ~1.2×1014 n/cm2s for duration of 21 d.  
 
To sustain weekly supply of 177Lu to the nuclear medicine centers, three lutetium targets are used 
at three different irradiation positions receiving similar thermal neutron flux. Each lutetium 
target undergoes thermal neutron irradiation for a duration of 21 d and is subsequently replaced 
by a freshly prepared 176Lu target. The 21 d irradiation period was decided based on extensive 
theoretical calculations and practical experiments which showed that specific activity of 177Lu 
would be maximum at 21 d for 1.2×1014 n/cm2s flux due to target burn up as shown in Fig. 1. 
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Fig. 1: Variation of specific activity of 177Lu with irradiation time at 1.2×1014 n/cm2s thermal neutron flux 

calculated with and without burn-up correction  
 

Lu-177 is produced with a specific activity of 1126 ± 36 GBq/mg and high radionuclidic purity 
of 99.98 ± 0.05% suitable for clinical use as a pharmaceutical ingredient. Radiochemical 
processing of irradiated target to convert it to 177LuCl3 solution, amenable for 
radiopharmaceutical preparation, is done in lead-shielded isotope processing plant facility as 
shown in Fig. 2 below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.2: 100 mm lead-shielded isotope processing plant for radiochemical processing  

of 177Lu at IP & AD, BARC 
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177Lu-DOTA-TATE for peptide receptor radionuclide ther apy (PRRT): Peptide receptor 
radionuclide therapy (PRRT) using radiolabeled somatostatin analogues is a novel therapeutic 
modality for patients with somatostatin receptor-positive tumors. Lu-177 has emerged as one of 
the most effective candidates for PRRT, which is particularly useful for targeted therapy of 
smaller lesions owing to the small tissue penetration range of β- particles of 177Lu (maximum 
range ~ 2mm) [5,10]. 177Lu-labeled DOTA-TATE, the 177Lu complex of the somatostatin analog 
octapeptide, Tyr3-Octreotate conjugated to DOTA, was envisaged as a promising agent for the 
treatment of patients suffering from inoperable neuro-endocrine originated tumors over-
expressing somatostatin receptors. 177Lu labeled DOTA-Tyr3-Octreotate (177Lu-DOTA-TATE) 
(Fig. 3) was synthesized in high radiochemical purity and with maximum achievable specific 
activity by varying various reaction parameters [11].  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Structure of 177Lu-DOTA-TATE  

 
The preparation demonstrated encouraging results in in vitro cell binding studies as well as HT29 
tumor bearing nude mice model. Subsequently, human clinical trials of 177Lu-DOTA-TATE were 
initiated in patients suffering from various forms inoperable neuroendocrine originated tumors. 
 
One of the challenges involved in carrying out targeted tumor therapy using 177Lu-DOTA-TATE 
is to prepare the radiolabeled agent with adequately high specific activity in order that sufficient 
activity can be deposited in the cancerous lesions without saturating the limited number of 
receptors present in the cancerous site. As the specific activity of 177Lu available at the time of 
preparation of the agent at hospital radiopharmacy may vary considerably, it is crucial to 
optimize the labeling protocol, more importantly with respect to the amount of peptide, in order 
that it can be prepared with high radiochemical purity using minimum amount of DOTA-TATE.  
 
Therefore, an optimized protocol for the preparation of therapeutic dose (5.55-7.4 GBq, 150-200 
mCi) with maximum achievable specific activity and stability was developed in our laboratory 
by extensive variation of several parameters [11]. More than 1000 patients suffering from 
various types of neuroendocrine originated tumors have been treated in fifteen major nuclear 
medicine centers across the country using 177Lu-DOTA-TATE prepared following the developed 
protocol and using 177Lu activity supplied from BARC. 
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Fig 4 shows the scintigraphic images of (a) patient with neuroendocrine tumor having extensive 
liver metastases recorded at 24 h post-administration of 7.4 GBq (200 mCi) of 177Lu-DOTA-
TATE. Available clinical data shows excellent symptomatic relief for the most of the patients 
who have undergone 177Lu-DOTA-TATE therapy. On the other hand, prolonged follow-up study 
shows either complete to partial remission or stable disease conditions in > 60% of the patients 
suffering from various kinds of neuroendcrine originated tumors in our country.  

 
 
 
 
 
 
 
 
 
 

 
Fig. 4: A representative post-therapy whole body planar image and SPECT-CT of liver recorded 24 h post-

administration of 7.4 GBq dose of 177Lu-DOTA-TATE to a patient suffering from NET with e xtensive hepatic 
metastases 

 
 

177Lu-EDTMP for palliative care of painful skeletal metastasis 
 
Skeletal metastases or secondary cancerous lesions in bone are common in patients suffering 
from breast, lung and prostate cancer in the advanced stage of their diseases. These metastatic 
lesions in skeleton often lead to excruciating pain and other related symptoms, such as lack of 
mobility, neurological deficits, depression etc., which adversely affect the quality of life. 
Radionuclide therapy employing radiopharmaceuticals labeled with β-/conversion electron 
emitting radionuclides is an effective option for bone pain palliation and could provide 
significant improvement in quality of life of patients. The major challenge in developing 
effective agents for palliative treatment of bone pain arising from skeletal metastases is to ensure 
the delivery of adequate dose of ionizing radiation at the site of skeletal lesions with minimum 
radiation induced bone marrow suppression. Lu-177 is considered as a potential radionuclide for 
developing the palliative agents for bone pain arising due to skeletal metastases. The tissue 
penetration range of the β

- particles from 177Lu are adequately low which ensures minimum bone 
marrow suppression, a major advantage of this radiotherapeutic application. Multidentate 
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polyaminopolyphosphonic acid ligands are reported to have high affinity towards skeletal lesions 
and known form stable chelates with many metals, particularly with lanthanides. 
Ethylenediaminetetramethylene phosphonic acid (EDTMP) is one of the most widely used 
polyaminophosphonate ligands for developing radiolabeled agents for bone pain palliation. 
153Sm-EDTMP (Quadramet®) is currently being used extensively for pain palliation due to 
skeletal metastases. Working in this direction, 177Lu-EDTMP complex and was synthesized and 
studied with an objective to develop a suitable 177Lu-based viable alternative of 153Sm-EDTMP. 
177Lu-EDTMP complex (Fig. 5) was prepared in high yield and excellent radiochemical purity 
(>99%) and with desirable in vitro stability in our laboratory. Biological studies in Wistar rats 
and New Zeland White rabbits showed selective skeletal uptake of the agent with rapid blood 
clearance and minimum uptake in any of the major organs/tissue [12]. Subsequently, the 
radiolabeled formulation was evaluated in dogs with osteosarcoma and bone metastases with 
favourable outcome [13].  
 

 
  
                                                          Fig. 5: Structure of 177Lu-EDTMP  

 
  

 
              (a)                                         (b)                                         (c)                                         (d) 

Fig. 6: Scintigraphic images of 177Lu-EDTMP in (a) Wistar rat (b) New Zealand white rabbits (c) dog with 
bone cancer and (d) human cancer patient with bone metastases recorded at 24 h post administration 
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177Lu-HA for arthritis treatment 
 
Approximately 2% of the adult population worldwide is affected by some form of arthritis which 
is manifested in pain, joint immobility and disability. Radiation synovectomy is a 
radiotherapeutic modality for the treatment of rheumatoid arthritis wherein a β- emitting 
radionuclide is administered locally by intra-articular injection in the form of colloid or 
radiolabeled particulate. Hyroxyapatite microparticles (HA) [Ca10(PO4)6(OH)2], regarded as one 
of the most suitable carrier for applications radiolanthanides, have been envisaged for labeling 
with 177Lu to develop a suitable radiopharmaceutical for arthritis treatment. Working in this 
direction, 177Lu labeled HA particles were synthesized in high radiochemical purity (~99%) and 
excellent in vitro stability. Biological efficacy of the radiolabeled preparation was tested by both 
in normal as well as arthritis-affected knee joints of Wistar rats [14,15]. Based on the promising 
outcome these investigatons, ~20 patients having arthritis in different joints such as, knee, elbow 
and shoulder, were treated with 185-740 MBq doses of 177Lu-HA. In the follow-up studiy, the 
patients reported significant pain relief, improved mobility and almost no side effects [15].  
 

  
Fig. 7:  (a) SPECT (b) CT and (c) SPECT-CT of arthritis affected knee joints of a patient recorded at 24 h 

post administration of 740 MBq of 177Lu-HA 
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Abstract 
 
Mechanically rugged and radiation tolerant neutron and gamma detectors are indigenously developed 
for reactor control instrumentation and accelerator area monitoring applications. 10B lined proportional 
counters of neutron sensitivity ranging from 1 cps/nv to 20 cps/nv are developed for reactor control and 
safety applications. Boron counters capable of operating at elevated temperatures upto 250°C are 
developed for monitoring neutron flux during fuel loading and approach to first criticality at Fast 
Breeder Reactor. All welded high sensitivity 3He proportional counter of neutron sensitivity 235 cps/nv 
developed and characterized for reactor neutron flux monitoring. For measuring the yield of pulsed 
neutron source and pulsed neutron area monitoring at high energy accelerators first of its kind silver 
lined proportional counter is developed in cylindrical and annular shape and calibrated for pulsed 
neutron source yield measurement. High pressure gamma detectors have been developed for low energy 
pulsed X-ray area monitoring at high energy electron accelerators. Ionization chambers with multiple 
electrode configurations developed with enhanced collection efficiency for gamma monitoring at hot cell 
facilities and high intensity pulsed X-ray area monitoring inside shield at accelerators. Extensive 
parametric optimization studies, theoretical simulations, functional, nuclear and climatic tests have been 
carried out on the detectors developed. Long term signal stability tests are carried out under radiation 
and environmental conditions of reactor applications. Present article gives brief review on the 
development of above mentioned neutron and gamma detectors. 
 
Introduction 
 
Thermal neutron monitoring and gamma radiation monitoring is carried out in almost all nuclear 
facilities for control and health and safety applications. Gas filled detectors are oldest and most 
widely used radiation detectors which are based on sensing the ionization created by passage of 
radiation through the detector. Gas filled neutron and gamma detectors are simple in design and 
are mechanically rugged and therefore are used in nuclear reactors. Neutrons are neutral in 
nature and therefore can be detected only by causing them to interact with some target material 
and detecting the charged particles produced. The present paper compiles the work carried out on 
design development of gas filled neutron and gamma detectors. The detectors developed have 
innovative electrode configurations to meet challenging requirement of special applications. 10B 
lined and 3He filled proportional counters are developed for thermal neutron monitoring in 
reactors, silver lined proportional counters are developed for pulsed neutron monitoring and high 
pressure ionization chambers are developed for gamma and pulsed X-ray measurements in 
reactors and accelerators.  
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10B lined proportional counters 
 
There are strong needs of high sensitivity, high temperature tolerant and mechanically rugged 
neutron detectors for nuclear reactor related fields. Some such requirements are reactor start-up, 
failed fuel detection and nuclear fuel reprocessing. In all such requirements detectors with 
neutron sensitivities ranging from 1 cps/nv to 20 cps/nv or more are required with suitable 
gamma and temperature tolerances. Boron lined proportional counters are the most popular 
choices for monitoring low thermal neutron flux at reactors because of their high sensitivity to 
thermal neutrons, better tolerance to ambient gamma background and ease of fabrication, as 
boron is non-toxic and non-radioactive and its reaction products are also non-radioactive and can 
work in hostile reactor environment. 
 
10B coated counters for reactor applications 
 
Boron lined proportional counters of varying neutron sensitivities are developed for reactor 
applications [1,2,3]. Fig. 1 gives the picture of the detectors developed and table 1 gives main 
specifications. The detectors developed were characterized for reactor applications by subjecting 
them to following functional and endurance tests.  
 

• Functional tests: Insulation resistance, capacitance, output pulse characteristics, HV 
plateau characteristics, discriminator bias characteristics, neutron sensitivity, count rate 
linearity over desired operation range and tests in gamma radiation. 

• Endurance tests:   Vibration test, damp heat cycle tests, temperature cycling test, seismic 
tests, long term signal stability tests and nvt life test with HV bias “OFF” and “ON”. 
 

                
                                (A)                                                                (B) 

Fig. 1: Photograph of B-10 lined (A) out core and (B) in core proportional counters respectively 
 

Studies were also conducted on boron coating methods. The standard geometry detectors were 
developed with commercial 10B powder. This boron as suspension in mineral oil was coated 
manually on cathode surface and baked in an electrical furnace at temperature about 350°C and 
rotating the cathode in a suitable fixture at slow speeds. A multiple dip coating method was tried 
out using indigenously available boron powder. This method gave flexibility of developing 
boron counters with baffle structure cathode [4]. Baffle structure enhanced the neutron 
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sensitivity without much altering the gamma tolerance. The detectors developed were 
successfully installed in various reactors and used for monitoring thermal neutron flux during 
startup and first criticality. 
 
High temperature 10B coated counters 
 
High sensitivity high temperature 10B coated proportional counters (HTBCCs) which can operate 
at continuous 250°C environment are developed for Fast Breeder Reactor. HTBCCs with 
sensitivity of 12 cps/nv, are required in control plug during initial core loading and first approach 
to criticality experiments. For flux monitoring in start-up range after long shutdown, HTBCCs of 
neutron sensitivity 4 cps/nv are required. Fig. 2 gives the picture of HTBCCs developed [5] and 
Table 1 includes the main specifications. The functional tests and qualification tests were carried 
out on these detectors at 250°C temperature and established the design specifications. The 
challenge of operation of detector in high temperatures is overcome by advanced mechanical 
design and proper selection of construction materials. Following challenges were incurred in 
development of these detectors to function upto 250°C temperature. 
 

• Electrical breakdown observed during thermal cycling tests: Novel anode wire mounting 
technique developed [6]. 

• Gas leakage: Pinching tool modified, qualified and commissioned. 
• Study of detector characteristics at high temperature: Large number of experiments 

conducted at variable temperatures and with neutron and gamma sources.  
 
Table 1: Specifications of Boron-10 lined proportional counters  
 

Detector Out-core 
Detector  

In-core 
Detector  

Start-up 
detector  

Start-up 
detector  

Cold start-
up FBR 

Start-up 
FBR 

Cathode Outer 
diameter 

63 mm 13mm 34mm 30mm 54mm 25.4mm 

Anode wire 
diameter 

25 µm diameter tungsten 

Overall length 930mm 330mm 450mm 200mm 1000mm 735mm 
Sensitive length 740mm 190mm 300mm 100mm 700mm 378mm 

Gas fill and 
pressure 

Ar (95%) + CO2 (5%) gas mixture at 20 cm Hg 

Neutron 
sensitivity 

17 cps/nv 1.0 cps/nv 4 cps/nv 1.1 cps/nv 12 cps/nv 4 cps/nv 

Gamma 
tolerance 

1 R/h 3000R/h 500R/h 2000 R/h 200mR/h 200R/h 

Temperature 
tolerance 

60°C 60°C 60°C 60°C 250°C 250°C 
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                     (A)                                                                               (B) 

Fig. 2: Picture of 12 cps/nv (A) and 4 cps/nv (B) HTBCCs 
 

3He proportional counters 
 
All welded 3He proportional counters of neutron sensitivities ranging from 6 cps/nv to 235 
cps/nv are developed for the first time in India. The main specifications are given in table 2 and 
Fig. 3 gives the picture of the detectors. The detectors are made out of SS 304 L and have all 
welded robust construction for reactor environment.  
The high sensitivity (235 cps/nv) 3He detector developed was characterized for low thermal 
neutron flux monitoring in reactors [7] by subjecting to following tests. 
 

• Signal linearity: observed within ±10% up to a count rate of 30K cps.  
• Gamma tolerance tests: No change in signal count rate in gamma radiation of 10 mR/h.  
• Irradiation to high neutron flux: The response of the detector after being exposed to high 

neutron flux (4x106 nv) and high gamma field (about 10R/hr) was found to be repeatable 
within ±10%. 

• Signal stability tests: The detector signal was found to be stable within 1 % when tested 
in 23.5 nv thermal neutron flux for 1800 s. 

• nvt test: The detector performance remained stable and unchanged after exposure to high 
neutron flux of 1.44 x 1010 nvt.  
 

This in-house developed detector has been used for the first time in the country to measure the 
fission power by monitoring the reactor core neutron flux at extremely low power of reactor. 
 

                          
                                  (A)                           (B) 

Fig. 3: (A) Medium sensitivity (A) High sensitivity all welded Helium-3 proportional counters 
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Table 2: Mechanical specifications of 3He counters 
 
Detector High sensitivity Medium sensitivity Low sensitivity 

Overall dimensions SS Dia 54 mm X 1 m 
long 

S.S. 25.3mm OD x 
490mm 

S.S. 25.5mm OD x 
230mm 

Sensitive dimensions Dia 51 mm X 908 mm 
long 

23.8mmID x 440mm 
length 

23.8mmID x 160mm 
length 

Gas fill 65% He3 + 35%Kr at 3.6 
bar (g) 

50% He3 + 50%Kr at 2 
bar (g) 

50% He3 + 50%Kr at 2 
bar (g) 

Operating voltage 1500V – 1800V 1500V-1800V 1000V-1200V 
Neutron sensitivity 235 cps/nv 25 cps/nv 6 cps/nv 

 
Silver lined proportional counters 
 
Pulsed fast neutrons are generated in the form of short bursts in many facilities such as in the 
vicinity of electron accelerators, spallation sources, fusion experimental facilities or in plasma 
focus devices. The duration of these pulses can range between microseconds to nanoseconds and 
yields can range from 102neutrons to 1013 neutrons per pulse. Due to pulsed nature of the 
neutrons, devices that employ conventional neutron sensitive detectors such as 10B lined, 10BF3 or 
3He filled counters cannot resolve the neutron pulses and loss in the counting efficiency is 
observed due to inherent resolving time of detectors. Extensive research is undergoing to evolve 
instruments to measure the yield of pulsed neutron radiation. The oldest technique is utilization 
of Geiger-Mueller (GM) counter surrounded by silver foil. To overcome the inherent large dead 
time of GM counter based systems, silver lined proportional counters with standard cylindrical 
design and annular shape were developed and calibrated for pulsed neutron radiation 
measurements. Table 3 gives the main specifications and fig. 4 gives pictures of the detectors 
developed. 

 
 

Fig. 4: Picture of cylindrical (A) and annular shape (B) silver lined proportional counters 
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Table 3: Main specifications of the silver lined proportional counter 
 

Detector type Cylindrical geometry Annular geometry 

Cathode (SS) 26mmID x 110mm length 
235mm OD X 150 mm ID x 314mm 

length 
Anode 25µ tungsten wire 25µ tungsten wires (10 nos.) 

Neutron sensing material 0.025cm thick silver foil (23.6g) 0.025cm thick silver foil (23.6g) 

Gas-fill 
A (90%) + CH4 (10%) at 20 cm 

Hg 
A (90%) + CH4 (10%) at 30 cm Hg 

Insulators Ceramic-to-metal feedthroughs Ceramic-to-metal feedthroughs 
Pulsed neutron calibration 

factor 
1.2x106neutrons/pulse counts 7.6x104 neutrons/pulse counts 

Application REM dose monitoring Pulsed neutron source calibration 
 
The cylindrical detector [8] is designed to use in conventional REM meter developed for neutron 
dose monitoring. Thus this device can be used to measure neutron dose in pulsed neutron 
radiation. The annular shape detector is developed [9] to calibrate neutron yield of the pulsed 
neutron sources. The detector is fabricated in two halves with each half as an independent 
detector. The two halves are joined together for experiments. The source can be placed inside 
cavity of the detector. Due to annular shape, the detector covers more than 3π solid angle of the 
source hence gives enhanced sensitivity compared to conventional cylindrical detectors. 
 
Low energy pulsed X-ray ionization chamber 
 
 Pulsed X-rays of small duty factor are produced in the vicinity of electron accelerators due to 
scattering of electrons by the molecules of the residual gas in the vacuum chambers of 
accelerators which are the main constituents of background radiations around electron 
accelerators and need to be monitored for personnel safety. Instruments that ordinarily respond 
well to the continuous radiation, fail to work in pulsed radiation because of high peak dose rate 
delivered during the pulse exposure. Detectors that have dead time problem such as GM counters 
saturate in pulsed fields and measure one count per pulse irrespective of dose. Ion chambers are 
most suitable, common and convenient method of on-line radiation area monitoring in 
continuous as well as in pulsed radiation since they are simple in design, works on average 
current measurement mode. These are mechanically rugged, have long life and good linearity in 
signal over a broad range. The Indus-1 and Indus-2 electron accelerator facilities of Raja 
Ramanna Centre for Advanced Technology, Indore require area monitors in the working areas. 
X-ray radiation suffers multiple scattering in the labyrinths and the shielding walls due to which 
the energy in the working area can be well below 100 keV. Conventional monitors available 
commercially underestimate the X-ray background because of pulsed nature of the radiation and 
are not sensitive to X-rays below 100 keV. For this purpose, a high pressure ion chamber made 
of aluminium with all welded construction has been developed [10] and tested for use in pulsed 
X-ray background. The main specifications of the ion chamber are given in Table 4. The detector 
has standard cylindrical geometry with top dome shape. The welded construction was possible 
because of use of special explosion welded clad plates obtained from the Explosives Research 
and Development Laboratories (ERDL), Pune, India, as shown in Fig. 5. All the weld joints have 
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been subjected to pneumatic pressure tests and helium leak tests up to 10-9std. cc/sec to ensure 
the integrity of construction.  

 
Fig. 5: Picture of SS-Al clad plate (A) and weld joint (B) 

 
Table 4: Main specifications of the low energy pulsed X-ray ion chamber 
 
Outer housing Al 320 mm dia × 560 mm ht 

Sensitive volume 25 ltr 

Spacing between the HT and signal electrode 100 mm  

Gas fill Nitrogen at 6 bar 

Sensitivity 12 pA/mR/h 

Measuring range 20 µR/h-100 mR/h  

Energy response ±12% from 35 keV to 1.25 MeV X-ray energy 

Ion collection efficiency 86% at 100 mR/h for 500V HV 

 
Multi-electrode ionization chamber 
 
Ionization chambers were developed with multiple electrode geometry instead of conventional 
two electrode design. Special guard rings were designed to define the sensitive volume and the 
detector performance was enhanced for three additional decades of range of operation. Table 5 
gives the main specifications of the multi-electrode ion chambers developed for high range 
gamma area monitoring at hot cell facilities and in space constrained areas. Fig. 6 gives the 
schematic of the multielectrode configuration of high range gamma monitor and miniature 
multielectrode ion chamber.  
 
The high range ion chamber is developed [11] for pulsed X-ray background measurements at the 
INDUS-I facility under normal as well as beam loss conditions and for measurement of gamma 
radiation during movement of intense gamma sources in hot cell facilities. Standard ion 
chambers of identical dimensions with two electrode configuration can measure gamma radiation 
from 100µR/h to 1R/h. The detector with multielectrode configuration enhances the performance 
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and measures gamma radiation from 100µR/h to 103 R/h with more than 90% collection 
efficiency for 3x103R/h gamma radiation at 500V HV. 
 

                
                    (A)                      (B) 

 
Fig. 6: Schematic of multi electrode configuration of ionization chamber 

 
              Table 5: Main specifications of multielectrode ionization chambers  
 

Detector High range gamma monitor Miniature ion chamber 
Outer housing SS 178mm dia x 300mm SS 46 mm dia x 120 mm length 
Electrode dia 162mm, 128mm, 94mm & 58mm 35mm, 25mm, 15mm, 5mm 
Spacing 15.5mm 5mm 
Sensitive volume 4.5ltr 64cc 
Gas fill Argon at 10 atmospheric pressure Argon at 10 atmospheric pressure 
Sensitivity 4.6nA/R/h 8.2 pA/100 mR/h 
Measuring range 100µR/h-1x103R/h 100 mR/h – 104 R/h 

 
Summary 
 
A wide range of gas filled neutron proportional counters and high pressure ionization chambers 
have been developed for various applications. The detectors developed were extensively 
characterized and installed at nuclear facilities for control and safety applications. The 
experience gained on the development and characterization of these detectors has helped in 
accurately determining the neutron, gamma and X-ray radiation intensity. Listed references give 
details of the detectors describes in the article. 
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Abstract 
 
Quantum Chromo Dynamics (QCD) predicts the existence of a new phase of matter, Quark 
Gluon Plasma (QGP), at high temperature and energy density. CMS (Compact Muon Solenoid) 
experiment in Large Hadron Collider (LHC) at CERN with its heavy ion program started 
exploring QGP phase in PbPb collisions at energy 2.76 TeV in 2010. We will discuss the 
measurement of quenching of jets in heavy ion collisions, an important probe of QGP, by looking 
into the momentum dependence of the momentum imbalance of jets. The striking results from 
isolated photon + jet study in PbPb collisions which reveals that, jets really lose energy 
compared to associated photon production which is unaffected by the QGP medium, and thus 
make it an excellent probe to quantitative assessment of jet energy loss in QGP, will be reported. 
We will also discuss the first measurement of production of Z boson in heavy ion collisions, 
which serve as candle to study the initial state of collision.  
 
The CMS experiment 
 
The Compact Muon Solenoid (CMS) detector operates at the Large Hadron Collider (LHC) at 
CERN is designed to see a wide range of particles and phenomena produced in high-energy 
collisions in the LHC. Though prime motivation of LHC is the detection of Higgs boson, but 
CMS experiment has an elaborate program to study the heavy ion collisions to study QCD and 
explore QGP phase. At the core of the CMS detector sits a superconducting solenoid provides a 
uniform magnetic field of 3.8 T. The inner tracking system is composed of a silicon pixel 
detector and a silicon strip tracker.  
 
Charged particles follow spiralling paths in the CMS magnetic field and the curvature of their 
paths reveals their momenta. The tracker is surrounded by a lead-tungstate scintillating crystals 
electromagnetic calorimeter, is designed to measure the energies of electrons and photons with 
great precision. Particles that interact by the strong force, hadrons, deposit most of their energy 
in the next layer, the hadronic calorimeter (HCAL) which is a brass scintillator sampling 
calorimeter. The only known particles to penetrate beyond the HCAL are muons and weakly 
interacting particles such as neutrinos. 
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Fig.1: The CMS detector with its sub detector systems 
 
As the name suggest, CMS is designed to measure muons with great accuracy. Muons are 
tracked in the |η| < 2.4 range (η= -ln[tan(θ/2)], where θ is the polar angle w.r.t. the beam axis) 
with four detection planes made of three different technologies which are interleaved with the 
iron yoke. The transverse momentum of the muons matched to silicon tracks is measured with a 
resolution better than 1.5%. The neutrinos escape from CMS undetected, although their presence 
can be indirectly inferred from the “missing transverse energy” in the event. The overall 
dimensions of the CMS detector are a length of 21.6 m,a diameter of 14.6 m and a total weight of 
12500 t [1], Fig.1.  
 
High energy collisions and QGP:  
High-energy collisions of heavy ions allow the fundamental theory of the strong interaction, 
Quantum Chromodynamics (QCD)to be studied under extreme temperature and 
densityconditions. A new form of matter[2] formed at energy densities above1 GeV/fm3 is 
predicted in Lattice QCD calculations. This quark-gluon plasma (QGP) consists of an 
extendedvolume of deconfined quarks and gluons. Heavy ion collisions at the Large Hadron 
Collider (LHC) are expected to produce matter at energy densities exceeding any previously 
explored in experiments conducted at particle accelerators. 
 
Jet momentum dependence of jet quenching in PbPb collisions 
 
Scattering of partons (quarks and gluons) from colliding nuclei with large momentum transfer 
produce energetic particles, known as “jets”, which is used to probe the properties of the medium 
formed in heavy-ion collisions. More specifically, these higher-pT jets have sufficient energy to 
stand out very clearly from the background of soft particles created in the heavy ion collision. 
The yields and correlations of high momentum particles are modified due to the energy loss of 
hard scattered partons while passing through the medium (Fig. 2). This effect is known as “jet 
quenching” [3], an important signature of QGP. The jet quenching effect on partons traversing 
the medium with different path lengths will lead to modifications in the observed dijetenergy 
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balance. Such unbalanced events are easy to detect visually even atthe level of event displays, 
Fig. 2. 
 
The Compact Muon Solenoid (CMS) detector at the LHC is particularly well suited for these 
types of studies. Its high-precisions calorimetry and tracking allow very accurate reconstruction 
of both jets and charged particle tracks. Dijet production in PbPb collisions at a nucleon–nucleon 
center-of-mass energy of 2.76 TeV is studied with the CMS. A data sample corresponding to an 
integrated luminosity of 150 µb−1 is analyzed.  
 
 

 
 

Fig. 2: (a) Example of unbalanced dijet in PbPb collision event at √√√√sNN=2.76 TeV. (b) Jet quenching of back-to-
back jet pair in the medium in heavy ion collisions (right) in comparison to pp collisions (left) 

 
Jets are reconstructed using the CMS “particle-flow” algorithm. This algorithm attempts to 
identify all stable particles in an event (electrons, muons, photons, charged and neutral hadrons) 
by combining information from all sub-detector systems. The anti-kT sequential recombination 
algorithm is used tocombine the particle-flow candidates into jets using a radius parameter R = 
0.3. 
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Fig. 3: Dijet asymmetry ratio, AJ, for six bins of collision centrality 
 

The goal of the analysis is to characterize the possible modification of dijet event properties as a 
function of collision centrality and leading jet transverse momentum. Events containing a leading 
jet with pT,1>120 GeV/c and a subleading jet with pT,2 >30 GeV/c in the pseudorapidity range |η| 
<2 are analyzed. The analysis is performed in six bins of collision centrality: 0–10%, 10–20%, 
20–30%, 30–50%, 50–70%, and 70–100%, the latter being the most peripheral bin. The 
centrality of AA collisions, i.e., the geometrical overlap of the incoming nuclei, is related to the 
energy released in the collisions. In CMS, centrality is defined as percentiles of the distribution 
of the energy deposited in Hadron Forward calorimeter (HF). 
 
The momentum imbalance between pairs of back-to-back jets, AJ, is studied with collision 
centrality and leading jet momentum. Dijets are selected with ∆ϕ1,2>2π/3. The contribution of 
background fluctuations is estimated from the events with dijets of ∆φ1,2< π/3, and the 
distributions obtained from these events are subtracted from the results. The centrality 
dependence of momentum imbalance of dijetsAJfor PbPb collisions is shown in Fig. 3, in 
comparison to results from PYTHIA+HYDJET[4] Monte Carlo simulations at the same collision 
energy which include the effect of underlying PbPb event but no energy loss. The most 
peripheralevents are also compared to results from pp collisions at √s = 2.76 TeV, where the 
same jet algorithm is used. The shape of the dijet momentum balance distribution experiences a 
gradual change with the collision centrality, towards more imbalance in more central collisions 
than in either pp or peripheral collisions [5]. 
 
The ratio of transverse momenta of the two jets is also studied as a function of centrality and the 
transverse momentum ofthe leading jet and shown in Fig. 4. This ratio rises smoothly with 
increasing leading-jet pT in pp collisions. The same pattern is found in PbPb at all centralities, 
except that the ratio is systematically shifted down, i.e. the pT of the sub-leading jet is smaller or 
more quenched [5]. 
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Fig. 4: Average dijet momentum ratio pT,2 / pT,1 as a function of leading jet pT,1 for three bins of collision 
centrality 

 
Jet quenching with isolated photon + jet correlations 
 
To overcome the disadvantage of using dijet events to study parton energy loss where both the 
partons are traversing the medium and only difference in energy loss can be measured, an 
alternative way is considered to study the photon-jet events. At leading order (LO), photons are 
produced back-to-back with an associated parton (jet) having close to the same transverse 
momentum. Moreover, these photons do not strongly interact with the medium. The pT spectrum 
of photons, even in central PbPb events, is identical within uncertainties to that found in pp at the 
same centre-of-mass energy. Furthermore, the yield of high pT photons matches the prediction 
based on pp data and the number of nucleon-nucleon collisions for a given PbPb centrality. 
Hence photon+jetis an ideal probe to study the energy loss of partons in the medium. 
 
The first study of isolated photon + jet correlations in PbPb collisions at a centre-of-mass energy 
of 2.76 TeV per nucleon pair corresponding to an integrated luminosity of 150 µb−1 is performed 
[6]. Events containing an isolated photon with transverse momentum >60 GeV/c and an 
associated jet with >30 GeV/c, are considered. The photon+ jet pT imbalance is studied as a 
function of collision centrality and compared to pp data and PYTHIA+HYDJET calculations at 
the same collision energy. 
 
The asymmetry ratio xJγ= /  is used to quantify the photon+jet momentum imbalance. In 
addition to the jet and photon selections, we further impose a strict ∆φJγ>7π/8cut to suppress 
contributions from background jets. To study the quantitative centrality evolution of the energy 
loss, the average ratio of the jet and photon transverse momenta, 〈xJγ〉, is shown in Fig. 5(a). Here 
solid red circle corresponds to CMS PbPb data at 2.76 TeV centre-of-mass energy,open black 
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circle toPYTHIA+HYDJET and solid black square to pp data at same centre of mass 
energy.While the photon + jet mean momentum ratio in the PYTHIA + HYDJET simulation 
exhibits a roughly centrality-independent value is 〈xJγ〉 = 0.847 ± 0.004(stat.) to0.859 ± 
0.005(stat.),the ratio 〈xJγ〉= 0.73 ± 0.02 (stat.) ± 0.04(syst.) in the most central PbPb data, 
indicating that the presence of the medium, results in a more unbalanced photon + jet pairs. 
 
Figure 5(b) shows Rj, the fraction of events containing a high-pT photon in which a jet was also 
found as a function of centrality. The value of is also found to decrease, from = 0.685 ± 
0.008 (stat.) - 0.698 ± 0.006 (stat.) for the PYTHIA+HYDJET reference, as well as pp and 
peripheral PbPb data, to the significantly lower= 0.49 ± 0.03 (stat.) ± 0.02 (syst.) to 0.54 ± 
0.05 (stat.) ± 0.02 (syst.) for the three PbPb bins above 50% centrality. 
 

          
 
Fig. 5: (a) Average ratio of jet transverse momentum to photon transverse momentum as a function of Npart. 
(b) Average fraction of isolated photons with an associated jet above 30 GeV/c as a function of Npart 
 
Z boson production in PbPb collisions 
 
The first measurement of the production of Z boson in the µ+µ- decay channel is performed in 
PbPb collisions at 2.76 TeV energy with the CMS detector at LHC with 7.2 µb-1 data sample 
[7,8]. Dileptons from Z decay, lose negligible energy in the strongly interacting QGP medium. 
Therefore, Z boson ideally suited to serve as candle to study the initial state in heavy ion 
collisions. 
 
 At 7 TeV pp collisions, the production of Z boson can well described by higher order 
perturbative QCD (pQCD) with recent parton distribution functions (PDFs). The PDFs however 
get modified in nuclei and depletion of Z boson yield is expected as much as 20% due to nuclear 
shadowing of PDFs. Precise measurements of Z production in heavy ion collisions can therefore 
help to constrain nuclear PDFs. 
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The dimuon invariant mass spectrum is shown in Fig. 6. Thirty-nine Z candidates are observed in 
the mass interval of 60-120 GeV/c2. Their distribution is consistent with the one from the pp data 
at 7 TeV with CMS, scaled down to 39 counts and limited to the 60-120 GeV/c2 mass range, 
which is displayed by the histogram in Fig. 6. 
 
 

 
           Fig. 6: Dimuon invariant mass spectra          Fig. 7: The yields of Z to µµµµ+

µ
- per event: dN/dy divided by 

                                                                                              the expected nuclear overlap function TAB and as a  
                                                                                          function of event centrality parameterised as the  
                                                                                          number of participating nucleons Npart. 

 

The yield of Z→µ+µ- decays is estimated from the number of dimuons counted in the mass 
window of 60–120 GeV/c2 and found to be dN/dy (|y|<2.0) = (33:8 ± 5:5± 4:4) × 10-8, where the 
first uncertainty is statistical and the second is systematic. The analysis described above is 
repeated after subdividing the data into three bins for each of the following variables: event 
centrality and Z boson y and pT. The total systematic uncertainty does not vary significantly with 
these variables and is considered to be constant and dominantly uncorrelated. 
 
Without the in-medium modifications, the production of Z boson from perturbative processes, 
supposed to scale with the number of incoherent binary collisions. To compare the measured 
yield in PbPb to the available pp cross-sections, it is scaled with nuclear overlap factor TAB 

which is estimated from Glauber model. The full circles in Fig. 7 show the centrality dependence 
of the Z yield divided by TAB, while the open square is for MB events (integrated yield). The 
variable used on the abscissa is the average number of participating nucleons Npart computed in 
the same Glauber model. No centrality dependence of the binary-scaled Z yields is observed in 
data. 
 
The normalized yields (dN/dy)/TAB are compared to various theoretical calculations: (1) using 
the nucleon CT10 pusing MSTW08 PDFs and modeling incoming parton energy loss, and (3) 
provided by the POWHEG generator interfaced with the PYTHIA parton-shower generator  



                                                                                                                                                                    BARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTER    

FOUNDER’FOUNDER’FOUNDER’FOUNDER’S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015S DAY SPECIAL ISSUE 2015    

 

67 
 

using CTEQ6.6 PDFs.  Within uncertainties, no modification is observed with respect to 
theoretical next-to-leading order perturbative quantum chromodynamics proton-proton cross 
sections scaled by the number of elementary nucleon-nucleon collisions.  
 
This measurement establishes the feasibility of carrying out detailed Z physics studies in heavy-
ion collisions with the CMS detector. With upcoming PbPb collisions at higher luminosity and 
higher energy, the Z boson promises to be a powerful reference tool for final-state heavy-ion 
related signatures as well as providing a means to study the modifications of the parton 
distribution functions. 
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Abstract 
 
The paper discusses design of an innovative device that can quickly arrest gross leakage of 
coolant heavy water in the event of accidental ejection/drifting of Special Sealing Plug during in-
service inspection of coolant channels in Indian PHWRs (Pressurized Heavy Water Reactors) in 
reactor shutdown time.  A Special Sealing Plug (installed inside the End Fitting of coolant 
channel assembly) forms the pressure boundary in the Primary Heat Transport system (PHT) of 
reactor for carrying out in-service inspection of coolant channels.  It is designed to permit entry 
and movement of an Inspection Head inside the coolant channel.  The accidental ejection of 
Special Sealing plug may result in gross leakage of heavy water coolant. A special leakage 
arresting device has been developed for arresting gross leakage quickly in such a situation. This 
paper discusses the design and functioning of this device in detail.   
 
Introduction 

 
In-service inspection of coolant channels is an important activity during shutdown period of the 
reactor. This is necessary to provide assurance about the structural integrity of the reactor for 
continued operation. The inspection is done with the help of an inspection Head that houses a 
variety of NDE sensors. The pressure boundary of the reactor is penetrated from outside dry 
environment to drive the inspection Head inside the wet environment of coolant channel. This 
necessitates use of a Special Sealing plug that has a central sealed opening through which the 
drive links can be inserted. The Special Sealing Plug remains installed in the End Fitting of the 
coolant channel while the Inspection Head is driven inside the coolant channel.  
 
We visualize an event of accidental ejection of Special Sealing Plug that will expose the entire 
bore (full bore) of the coolant channel resulting in a gross leakage of heavy water. A loss in the 
capacity to remove the decay heat from the fuel bundles due to loss of coolant may have serious 
consequences and hence there is a strong requirement of arresting the leakage as soon as 
possible.   
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Coolant Channel in a PHWR (CANDU Type Reactor) 
 

An Indian Pressurized Heavy Water Reactor consists of 306 coolant channels in a 220 MWe 
Indian PHWR reactor core. There are 392 fuel channels in a 540MWe Indian PHWR. 
 
A typical coolant channel assembly has an inlet and an outlet connection for coolant heavy water 
at the north and south ends. A schematic given below shows the general layout of the coolant 
channel and inspection system while doing in-service inspection. It shows a Special Sealing Plug 
installed at one end from where the Inspection Head is driven inside the coolant channel.  

 
Scheme and Layout of Inspection 
 
 
 

 
 
 

Fig. 1: Coolant Channel Schematic for In Service Inspection 
 
 
This is a typical layout of the coolant channel assembly of an Indian Pressurized Heavy Water 
Reactor. The Special Sealing plug (shown as black color block on the right end of the assembly) 
has a central opening through which the drive extension links are inserted penetrating the 
pressure boundary from dry environment outside.  
 
 
Inspection Head and Special Sealing Plug 

 
All the NDE sensors are housed in the Inspection Head. This Inspection Head is assembled with 
Special Sealing Plug for installation into the coolant channel that has to be inspected. The 
Fueling Machine then installs the combined assembly in the End Fitting of the chosen coolant 
channel for inspection.   

Special Sealing Plug (with a 
central sealed opening for 
inserting drive link 

Drive 
Extension 
Links 
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Penetration of Pressure Boundary for In-Service Inspection  
 

The Inspection Head rear end is a stainless steel tube which passes through the central opening in 
the centre of the Special Sealing Plug. This rear end of the Inspection Head penetrates the 
pressure boundary and is connected to the BARCIS drive system placed in dry vault area (Drive 
system is placed on the Fueling Machine bridge). 
 
The in-service inspection system consists of following: 
 
1) Inspection Head ( ref.[2]): Carries ultrasonic and Eddy current sensors for measuring critical 

coolant channel parameters. 
2) Special Sealing Plug: With a central opening (with seals) for pressure boundary penetration, 

the Special Sealing Plug forms critical part of the whole inspection scheme.  
3) Drive Extension Links:The drive extension links join Inspection Head’s rear end with the 

BARCIS Drive System. Multiple extension drive links are required as the drive system has a 
limited linear stroke 

4) Drive System:BARCIS drive system pushes the Inspection Head linearly with extension 
drive links passing through the seals of Special Sealing plug. 

 
Event of Accidental Ejection of Special Sealing Plug (Emergency Preparedness) 
 
 
 
 
 
 

 
                           

Fig. 2: Special Sealing plug and Inspection Head installed 
                                 
                          
 Exposed End Fitting with a jet of leakage coolant                                                       
                                                                   Ejection of Special Sealing Plug as visualized 
  

 
Fig. 3: Gross leakage due to accidental ejection of Special Sealing Plug 

Inspection Head and Special Sealing 
plug installed in the End Fitting of 
the coolant channel 
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In the visualized event of ejection of Special Sealing plug gross leakage may occur because the 
end of the coolant channel will be left exposed with no means to block the flow. There are no 
fuel bundles in the coolant channel when the in-service inspection is taken up and hence the  
bore will be fully exposed as shown in Figure 3.  Though the Special Sealing plug design and 
installation methodology is extremely strong in safe installation and operation, emergency 
preparedness is necessary from comprehensive safety standpoint.  

 
Key Design Features of Quick Acting Leakage Arresting Device 
 
Following are the key design features of the ‘Emergency leakage Arresting Device’. 
• Semi cylindrical shape / design of the Primary component of leakage arresting device 
• Use of the ‘End Fitting Collar’ feature 
• Special Ball valve attachment with End Fitting ID sealing arrangement 
The construction of this device is discussed as following.  
 
The innovative use of semi cylindrical shape (half cup design) enables simple and quick 
installation of the device on the coolant channel End Fitting. The design makes it possible for 
mounting or placing the device from top while standing sideways.  
 
Semi cylindrical shape of the primary component of the Device 
 
This helps the operator in avoiding facing the jet of water head-on. The primary component has a 
half cup shape on the front side and full cylinder at the rear side which has internal threading. 
This internal threading is used for assembling it with ball valve attachment (see Fig 7 and Fig.8). 
The assembly can be manually installed onto the End Fitting by a single person for arresting the 
gross leakage. 
                                               Primary Component - Collar in the semi-cylindrical portion  
                                                        of the device is suitable to the End- Fitting collar 
                                                                                                                                             Ball valve Attachment with  
                                                                                                                                              End Fitting ID Sealing Arrangement 

 
                                    End Fitting Collar  
 

 
Fig. 4: A representation of the design of the Device 
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In the snap-shots shown below it becomes clear how the device is placed onto the End Fitting 
collar from top. 
                                       
                                        Suitable step in the device 
                                           
                                                  
Collar of End Fitting  

 
 

 
                                                                        Device placed on End Fitting collar 

 
Fig. 5:  Snapshots of the device getting placed onto the End Fitting 

 
 
 
 
Semi-Cylindrical Feature 
 
 
 
 
                         
 
 
 
 
 
 
 
                                                                                                                                                  Threading on the Internal Diameter 
 
 

Fig. 6:   Primary Component showing semi-cylindrical shape feature 
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Functioning of the device 
 

First step is to place the assembly on the End Fitting collar such that the step in the semi 
cylindrical component matches the step of the End Fitting collar. Once the assembly is placed, 
other operations can follow. A ball valve is used to block the flow. Ball valve alone however, is 
not enough to arrest the leakage fully. The ball valve attachment is equipped with an O’ ring that 
enters the ID (internal diameter) of the End Fitting when the Ball valve attachment is threaded 
inside the primary semi-cylindrical component. As the ball valve attachment O’ ring enters the 
internal diameter of End fitting, the leakage path from that area is sealed. This directs the entire 
leakage flow towards the ball valve opening. Once it has been made sure that Ball Valve 
Attachment O’ ring has entered the ID of the End Fitting, the ball valve can be closed by 
operating the lever. Fig.7 and Fig.8 display the operation and functioning of the device clearer. 
 

 
 

                     
 

Fig. 7: Device placed onto the End Fitting, O’ ring is out of the End Fitting 
 

The ball valve attachment is rotated by turning the lever at the ends so that it threads into the 
primary semi-cylindrical component and advances as per the threading pitch.  
 

 
 

Fig. 8:  O’ ring enters inside the End Fitting ID, components butt with E-face 

End 
Fitting O’ ring 

This path is sealed 
permanently with a sealant  

         Handle for holding 

Threading 



                                                                                                                                                                    BARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTERBARC NEWSLETTER    

FOUNDER’FOUNDER’FOUNDER’FOUNDER’S DS DS DS DAY SPECIAL ISSUE 2015AY SPECIAL ISSUE 2015AY SPECIAL ISSUE 2015AY SPECIAL ISSUE 2015    

 

74 
 

A representation of the entire assembly is shown in the following model. The operating lever for 
rotating the ball valve attachment (that has an O’ ring to enter the End Fitting ID) is at the end of 
the ball valve (lever shown in blue green color). It may be noted that while placing the device 
onto the End Fitting collar and threading in the ball valve attachment the ball valve must. be kept 
open to vent off the water. Once it is ensured that O’ ring has entered the ID of the End Fitting 
(components butt) the ball valve can be closed. This will completely arrest the leakage. Entire 
process of performing this operation takes about 10 seconds for a single person to arrest the 
leakage completely.  
 
 

 
Fig. 9:   Quick Acting Gross Leakage Arresting Device - Features 

 
Testing and Qualification 
 
The device was tested extensively for arresting the leakage in the simulated conditions. An 
experiment test set up was used to simulate the test conditions. During testing the coolant 
channel was kept completely empty as is be the case in the in-service inspection of coolant 
channels.  It takes about 10 seconds to completely arrest the leakage. Following results have 
been noted.  
 
The estimated worst leakage rate in the event under discussion is below 400 liters per minute   
(in 220 MWe as well as 540 MWe PHWRs). The device is suitable for arresting such leakages 
comfortably and very quickly (within 10 seconds). 
 
Leakage Arresting Exercise & Estimated Worst Leakage Rates 
 
Fig.11 shows the facility where the leakage is simulated and the exercise to arrest the leakage 
was taken up. A 9-channel lattice simulation is built to simulate the conditions at the reactor site. 
The central channel was provided with the leakage flow of the order mentioned in the Table 1.  
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