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From the Editor’'s Desk
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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 ggnéleposition and breaking of covalent
bonds, and also indirectly by producing reactivg/gen species through water radiolysis. An
organism that survives the higher dosesyofadiation would have to have the efficient
mechanisms for combating the deleterious effectsionfizing radiations. Deinococcus
radiodurans is a bacterium known for its extremsistnce toy radiation. We have been
studying the molecular basis to its extreme phgrestypy understanding both DNA damage and
repair, and the mechanisms that protect biomolecéiem oxidative damage in this bacterium.
Using the technological and intellectual capabdgideveloped in house, we demonstrated that
there is no single but several protective and repachanisms that work together for providing
radiation resistance in this bacterium. A summalrpuar significant findings related to radiation
resistance in D. radiodurans has been presented.

Introduction

DNA damage occurs in all organisms as a consequengdéraviolet (UV) light emanating from
the sun and ionizing radiatioy (ays & X-rays) from natural sources, medical ezt and
contaminated land. The repair of DNA damage is iatuor life and defects in DNA repair
pathways can lead to genetic disease and canogrmmals. Unlike eukaryotes, the cellular and
molecular responses to DNA damage have not beén dbaracterized in prokaryotes except
UV induced SOS response in certain bacteria, plyssibcause bacteria differ from higher
organisms into both cellular complexity and tolemnto DNA damage.Deinococcus
radioduransis a Gram-positive bacterium primarily known fés extraordinary resistance to
both ionizing and non-ionizing radiations [1, 2]can tolerate up to 6.5kGyradiation without a
measurable loss of cell viability [3, 4]. The extrdinary tolerance dD. radiodurans(hereafter
referred asDeinococcuy to other abiotic stresses including radiatiord atesiccation, has
attracted both radiation biotechnologist and mdeecugeneticists for using it (i) for
bioremediation of radioactive waste and, (ii) asnadel organism for understanding the
molecular basis of its extreme radioresistance. rEldebiotechnological use of this bacterium
however, suffers a major setback because this ongamism is yet to be known for any
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desirable traits for its use in bioremediationadipactive waste, except that it is resistant th bo
chronic as well as acute exposurey oadiation, and has a number of proteins that neztie
characterized for their usefulness. On contramrettare microorganisms that do not confer such
a magnitude of radiation resistance but have nuasefeatures that are useful in bioremediation
of hazardous waste mixed with metals and aromatmpounds. Therefore, the basic
understanding of mechanisms underlying the radiatésistance and at least the identification of
molecules required for the usefulness of this bactein radio-biotechnological applications
would come under the core areas of basic reseai¢hvauld be worth pursuing. Further, both
basic and applied research using this bacteriumldvivave required the development of
technology for its genetic modification and for tilroduction of desirable characters in this
bacterium. Our laboratory has been focusing on lbtthese aspects i.e. the development of
both technological and intellectual capabilities foarrying out advanced research in this
bacterium and the basic research on understantimgmnlecular basis of the extraordinary
radiation resistance. Using in house expertis@@sé areas, we have significantly contributed in
the global efforts on the subject where our findimgwve been used for discussing the findings
from the renowned laboratories working in this acfaresearch. Some of our works are
summarized below.

Development of technological expertise for easy manipulation of Deinococcus radiodurans

Genetic manipulation of any organism requires thgawism specific genetic tools. These are
developed depending upon the need of researchersvéke in need of technology for genetic
manipulations ofDeinococcusmainly on two aspects (i) the synthesis of praeiom other
bacteria as well as over production of this baatgmoteins itself, and (ii) the inactivation ofyan
gene of interest for studying their contributioms radiation resistance ddeinococcus We
developed many constructs for this work using tsources available in our laboratory. The
notable ones were pRADgro (Fig 1a) and pNOKOUT (Elg. For the development of
pRADgro, a 261bp DNA fragment containing regulatsgquences ofroESL genes of
DeinococcugPgro), Shine-Delgarno (SD) sequences for ribosomeibg and five codons of
GroE along with four new unique restriction enzysites for providing correct translation frame
for recombinant protein synthesis, was cloned iAPR [5] cloning vector. The pRADgro was
checked for its nature as a shuttle expressiorowéeatweerDeinococcusandEscherichia coli
another model organism mostly used for gene cloaimmg) recombinant proteins synthesis and
the expression of transgenes on this vector wasrtasted in both the hosts [6, 7]. Similarly,
pNOKOUT was constructed by cloning the neomycingpthoryltransferase Inptll) selection
marker cassette into pBluescript SK+ Bncoli cloning vector. Theaptll cassette was earlier
known for the expression of kanamycin resistancBeémococcusand pBluescript SK+ should
not be surviving irDeinococcusThus pNOKOUT was anticipated to carry an expressptll
cassette intdeinococcusbut would not be maintaining in it. This will mal@NOKOUT a
suicidal vector and the replacement of desired gatienptll would take place through genetic
recombination. These features of pNOKOUT were cordd again in bothE. coli and
Deinococcus The results showed the integration rgdtll into DeinococcusR1 genome and
expression of kanamycin resistance in these cBltsfar, we were expressing recombinant
proteins inDeinococcuginder constitutive and a relatively weaker promg@i&roES. For many
experiments, both high levels and controlled expogsof recombinant proteins is required. For
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Fig. 1: Partial restriction map of pRadgro and pNCKOUT constructs. The 261bpBgllI-Xbal fragment
containing promoter (Pgro) was cloned in pRAD1 to get pRadgro (A) and 937bpn expressing cassette of
nptll (nptll (DR) was cloned atSmal site of pBluescript SK+ to get pNOKOUT (B). Similaty, another
deinocccal shuttle expression vector pVHS559, forhé controlled expression of desired proteins in
Deinococcus was constructed (C).

that, a new vector pVHS559, having IPTG induciblenpoter backbone was modified for
providing additional cloning sites and induciblgpeession of recombinant DeinococcugFig

1c) and being used for localization of deinocoqualteins fused with fluorescent tag. Using
these constructs a large number of proteins froth Bo coli and Deinococcushave been
expressed and a number of genetic knockout streme been generated, localization of both
host as well as external proteins, and the rolegadbus proteins in radiation resistance have
been ascertained in this bacterium. These vectawrs hlso been provided several laboratories
abroad on material transfer agreement (MTA) anddeased for basic researchDeinococcus
This allowed us to have the complete autonomy inkamd of genetic manipulation required for
makingDeinococcusuitable for both basic and applied work.

Functional significance of macromolecular interactbns in radioresistance oD. radiodurans

Proteins are ultimate functional units that conitté to different characteristics in a living
system. The protein’s functions are intimately taged by the microenvironment around these
molecules and therefore, the different organismsigng in different environment would be
expected to have different microenvironment inside cells. Although, different organisms
having similar array of proteins, might exhibit fdifent characteristics due to change in
microenvironment in which these proteins are fuorghg in a particular living system. With
these existing paradigm, we hypothesized a possbNA metabolic proteins required for
extreme phenotypes in this bacterium might be aaténg in a different microenvironment and
thus functioning differently in this bacterium. Shassumption got further support when we
observed thaDeinococcuswith E. coli, which exhibit just opposite responseytadiation, have
nearly similar protein complements for DNA recondiion and repair pathways. Therefore, to
test our hypothesis, the possible existence oktpesteins in form of macromolecular complex
was first checked. The multiprotein complexes wis@ated from stationary phase cells of
DeinococcusandE. coli and compared for different DNA metabolic acti\stiand the presence
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of recombination repair proteins as detected by umenblotting [8]. Multiprotein complexes
from both these organisms although have severieoDNA metabolic activities common, they
differ grossly on some of the crucial functions.r Example unlikeE. coli, the multiprotein
complex fromDeinococcuddid not contain RecA but it had some of the ofhgsortant DNA
repair function like ATP sensitive nuclease (Fig @ad ATP stimulated DNA ligase (Fig 2b).
The protein components of this complex were idegtiby mass spectrometry and 24 different
polypeptides were detected that include PprA, Ajyge tDNA repair ligase (DRB0100) and a 5’
nucleotidase (DR0505).

ATP ‘ ATP ‘ ATP(mm) 10 1 510 15 10
S1 23456 7 8910 protein- CmCmCm T4T4T4

Fig. 2: Regulation of two incompatible functions inmultiprotein complex. Multlproteln complex isolated from
D. radiodurans was checked for nuclease activity on dsDNA in preace of Mg2+ (1-5) and Mn2+ (6-10) with
increasing concentration of ATP (A). The DNA ligasectivity of complex (Cm) was compared with T4 DNA
ligase (T4) in presence of different concentratioof ATP (B).

The functional significance of some of these pratdike PprA, DRB0100 and DR0505 yn
radiation resistance of this bacterium was furitadied. We deletedrO505 pprA anddrb0100
genes fromDeinococcuggenome as well as the recombinant proteins wecernreE. coli and
purified. By checking they radiation effect on the survival of these mutaatsl activity
characterization of recombinant proteins, we dermatesi the roles of these proteins yn
radiation resistance @einococcusand the possible mechanisms of action were shown.

Interestingly, the activity of recombinant DRB010@ase compulsorily required PprA and
DRBO0098, another protein of this bacterium foretdanced activity (Fig. 3). Further DRB0100
supported radiation resistanceDeinococcusonly when PprA, DRB0098 and DRB0099 were
present [9]. These results suggested the functsigaificance of protein-protein interaction in
macromolecular complex for its efficient functiogim y radiation resistance iBeinococcus
Similarly, the recombinant DR0O505 is characteriasdan ATP sensitive nuclease with a novel
thermostable phosphoesterase activity, which cevitistand up to 6% in vitro [10] and
implicated for its role in nucleotide recycling.
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Fig.3: DNA end joining activity assay of DRB0100 idntified from multiprotein complex. Purified proteins
were incubated with PCR amplified linear DNA and clecked on agarose gel (A) and linearised plasmid DNA
ligated samples were checked for transformation ift. coli (B). Ligation efficiency directly correlates withthe
number of transformants obtained with each samples
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Fig 4. Protein-protein interaction studies leadingto 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 wercompared with untreated controls (Control) for the
loss of nucleoid as estimated microscopically. Bh€& recombinant TopolB was assayed for relaxation digity
in the presence and absence of its complex partn@prA (Top panel) and in vivo interaction using bacerial
two hybrid system (Bottom panel)

In vivo localization of PprA and other components of nputitein complex were proposedin
radiodirans PprA-GFP cellular localization studies showed tRprA binds to septum trapped
nucleoid. Further studies on this observation teduh deciphering a hitherto unknown function
of this protein in genome maintenance and cellsthwvi [11, 12]. When we generat@gprA
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mutant of D. radioduransand measured the genome stability of mutant and type cells
treated with nalidixic acid and gamma radiationg(F#4). We provided evidence on the
mechanism of action of PprA and showed that Pptéracts with both TopolB and DNA gyrase
in vivoand modulates deinococcal TopolB and DNA Gyrasigities in vitro (Fig. 4).

Functional significance of known DNA recombination/ repair proteins in radioresistance
of Deinococcus

There are two major DNA recombination pathways IkecF and RecBC, which have been
implicated in the repair of radiation-induced DNAmage in most of the bacteria. RecBC
enzyme complex has been characterized for theésrisl DNA double strand break repair in
many radiation sensitive bacteria as well. Sumpglsi, the genome dbeinococcusencodes all
the components of RecF recombination pathway hikslahe components of classical RecBC
pathway. How does this bacterium mend its shattgezme in the absence of RecBC enzymes
was intriguing. First the possibility of RecF cabtiting to efficient DNA strand break repair
was checked byn-trans expression of SbcB, an exonuclease |, a knowrbitani of RecF
pathway, and then by over expression of RecBC fEoneoli into DeinococcusDeinococcus
cells expressing these proteins separately becansitise to ] radiation but the levels of
radiation sensitivity was more in SbcB expressialisahan RecBC suggesting the involvement
of RecF pathway in radiation resistance of thistéraem [6] and less significance of RecBC to
these phenotypes at least Deinococcus[13]. The role of RecF recombination pathway in
radiation resistance of this bacterium was furtbepported from the observation where the
functions of other suppressors like SbcCD of RecB&hway is required for higher
radioresistance [14]. Similarly, a protein (Pobf)unknown function was predicted for its DNA
polymerase activity and characterizedvitro as a short patch base excision repair (SPBER)
polymerase [15] (Fig 5).
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Fig 5. Functional characterization of PolX fromD. 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 aalysed on UREA-PAGE gel (A). Base excision repair
activity was assayed on oxidative damage DNA tempka in the presence of DNA glycosylase and AP
endonuclease (B)
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Characterization of a novel oxidative stress and DN damage response mechanism in
Deinococcus

Living cells exposed to various stress exhibit@dahange in cellular and molecular processes
to counteract the deleterious effect of stresseos. example, the cells exposedytaadiation
respond to both oxidative stress and DNA damagetsfiieading to in genome functions both at
the levels of gene expression and functional mdutuaof proteins associated with DNA repair
and cell division. The DNA damage response in pripias has been termed as SOS response.
Deinococcusdoes not exhibit classical SOS response [16]. ibesp shows DNA damage
induced gene expression and protein turnover. Tlodecular mechanisms underlying the
regulation of the synthesis and activity modulatafnvarious proteins by radiation induced
DNA damage are not known. The systematic studietherchanges occurring [Deinococcus
cells exposed tg radiation were carried out at both cellular andanolar levels. It showed that
cells exposed toy radiation, rapidly synthesized very high levels ainaling nucleotides
including ATP, AMP and cyclic AMP etc. and stressponsive enzymes like adenylyle cyclase,
phosphodiesterase, protein kinases [17]. These culele are well known for their roles in
regulation of various cellular and molecular preess suggesting thddeinococcusdoes
respond toy radiation induced DNA damage. If it does not con@assical SOS response
mechanism, the possibility of some alternate meish@could be hypothesized.

Since gamma radiation kills living cells by dirgctlamaging biomolecules and indirectly
through oxidative stress, we studied both thesepoments for understanding the gamma
radiation response iDeinococcus We searched the genome of this bacterium for boéta
pathways associated with antioxidant synthesisactdrial system. We observed that the genome
of this bacterium confers a gene (we hereby detegas pqqE that encodes an enzyme
responsible for pyrroloquinoline quinone (PQQ) pidbesis in bacterial system. This gene was
cloned and expressed kh coli. TransgenidE. coli producing PQQ showed several fold higher
tolerance to oxidative stre@svivo and protected biomolecules fronradiation damage vitro
[18]. PQQ was subsequently shown as strong ananxids vitamin C and Trolox [19] and could
neutralize superoxide, hydroxyl and oxygen freeaadin solutionwithout any indication of its
consequential effect [19]. PQQ was subsequentlyshas pro-oxidant in mammalian cells by
depleting the redox equivalents that acts as ataoks in mammalian cells. It showed higher
rates of apoptotic cell death in tumor cells as parad to normal cells [20].

The role of PQQ in radiation resistance phenotygd3einococcusvas investigated. For that,
pggE gene was deleted from genomelainococcusand the effect of different DNA damaging
agents includingy radiation, on cell survival and DSB repair abili®f mutant cells were
investigated. Results showed that the absence @ R@kes this bacterium incompetent to
withstand higher doses of DNA damage andadiation in particular (Fig 6A). Molecular
mechanisms contributing to this phenotype of PQQ® @reecked and found that PQQ has a role
in DNA strand break repair (Fig 6B) [21]. Subsegliera PQQ inducible putative protein kinase
encoded fromdr2518 gene was identified from this bacterium and itte rm y radiation
resistance obeinococcughrough DNA strand break repair was demonstra2efl [
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Fig. 6: Involvement of PQQ in radiation resistanceof D. radiodurans through its role in DSB repair. D.
radiodurans cells devoid of PQQ were generated and the effecf Y radiation on survival of these cells

(mutant) was compared with wild type (wild type) (A. The cells recovering fromy radiation effects were
collected at different time interval (1-24 h) and aalyzed for shattered genome reassembly on pulsei@lti gel
electrophoresis (B) and compared with unirradiatedU) controls.

DR2518 was earlier shown as a PQQ inducible prokémase having a role in radiation
resistance irDeinococcus The effect ofy radiation induced DNA damage on expression and
activity of DR2518 protein kinase was checked. Reshowed that both synthesis and activity
of this kinase are regulated yadiation induced changes in the cells, whichdatéid that this
kinase could be a typical candidate of an alterdt® damage response mechanism in this
bacterium. The ability of this kinase phosphorylgtseveral important DNA repair proteins of
Deinococcusand regulating the differential expression of geme response tal radiation
induced DNA damage (Fig. 7) strengthened its noledioresistance. The results obtained from
this particular study suggested that unlike othamtéria that confer SOS responBejnococcus
might have an alternate mechanism of DNA damagmorese and DR2518 kinase seems to be a
candidate protein kinase playing crucial role irs throcess. Recombinant DR2518 has been
characterized as adiation and_ginone responsive protein kinase and named as R2RA
Further we showed it contribution in radioresis&ié this bacterium through phosphorylation
of important DNA repair proteins like PprA and Re@ihd those involved in bacterial cell
division. Phosphorylation sites in PprA and RecA @f radiodurans were mapped mass
spectrometrically and confirmed by site directedtagenesis. Bothin vivo and in vitro
phosphorylation of PprA and RecA by RgkA kinase éhdpeen demonstrated. Importance of
PprA and RecA phosphorylation in the regulatiorthedse proteins functioria vivo and their
respective roles in radioresistance have been demabed [23]. For instance, the
phosphorylation of PprA by RgkA kinase had increladee DNA binding activity of PprA and
its ability to stimulate intermolecular ligationtatty of T4 DNA ligase was stimulated by ~ 6
fold. Similarly, RecA phosphorylation by RgkA kireashowed enhanced strand exchange
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reaction activity of RecA in the presence of dAT¥campared to ATP and non-phosphorylated

RecAin vitro (Fig. 8). The phsophorylation also affected Reofes in radioresistance iD.
radiodurans
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Fig. 7: Involvement of a radiation responsive serie/ threonine protein kinase (STPK) in regulation ofgene
expression inD. radiodurans. Deinococcus cells devoid of STPK were exposed with 6.5kGy radiation and
global change in gene expression was measured bycroiarray analysis (Microarrayer) in collaboration with
Prof. Yeujin Hua, Zhejiang University, Hangzhou Chinha. Different numbers of genes showing reduced

expression (donwregulated) and increased expressiqupregulated) by 15 fold or more were taken into
consideration for making conclusions.
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Fig 8. Effect of phosphorylation on strand exchangeeaction of RecA fromD. radiodurans. Purified recombinant

RecA was phosphorylated by RgkA kinase and assayédr strand exchange activity in the presence of ATRnd
dATP, respectively.
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Multipartite genome system and cell division regulion in D. radiodurans

Apart from the extreme radioresistance, the cytegerfeatures oDeinococcusare equally
interesting. It has multipartite genome system plodly. All genome elements are held together
producing a toroidal ring shaped nucleoid struct@®enome maintenance and cell division
regulation in cells recovering from gamma radiateffects would be worth investigating. Here,
we demonstrated that chromosome | encodes prateasegulate its partitioning by following
the Type IB mechanism (Pulling mechanism) of gensagregation [24].

For the first time, we identified centromereic segeces in chromosome | and showed that ParB1
binds to these centromeric elements biottvivo andin vitro. ParAl is a non-specific DNA
binding protein, it showed oscillation on nucleaoifdithe bacterium from one pole to other, and
once ParAl encountered the ParB1l bound to centgyntiee depolymerization of ParAl is
triggered leading to the pulling of two daughterathosomes in opposite direction followed by
cytokinesis.

In order to ascertain the involvement of ParB grgt@fD. radioduransin genome maintenance
and in the radioresistance, the genes encodingsRarRlifferent genome elements were deleted.
These deletion mutants were checked for varioesstrs response and anucleation phenotype.
Interestingly, it is observed thparB1 deletion produces the high frequency of anucleatts,
growth retardation and sensitivity to nalidixic é&cit showed a little less effect on gamma
radiation resistance as compareg@nB2 andparB3deletion mutants.

The parB2 deletion also showed effect on normal growth wpi#eB3 mutant grew similar to
wild type. BothparB2 and parB3 mutants showed the high frequency of anucleats esid
higher sensitivity to DNA damaging agents but mohalidixic acid. Thus we provided evidence
that the ‘ParB’ proteins encoded on different geaagtements are not functionally redundant
and these are specifically responsible for mainteaaf respective genome elements during cell
division. Further, the chromosome Il and megapldsseiem encoding complements responsible
for gamma radiation resistance of this bacterium.

Further in order to understand the effect of ganmadiation cell growth, the molecular
mechanisms underlying cell division regulationngdstigated. FtsZ a protein centre to the entire
bacterial cell division complex was characterizethlin vitro andin vivo. This protein is found

to be different from its homologues known in otluacteria in terms of its kinetics, rate of
polymerization/ depolymerization.

These characteristics determine the growth ratel the requirements of other divisome
components for a productive cellular localizatiow &tsZ ring formation irbeinococcugd25].
FtsZ-GFP expressing iDeinococcugproduced typical FtsZ ring perpendicular to fipgne 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 iiD.

radiodurans on plasmid and the localization of FtsZ tagged wit GFP was carried out using confocal
fluorescence microscope. FtsZ ring was constructagsing Z stacks of images generated in three dimemwsial

planes.

Molecular mechanism underlying extraordinary raedstance ofDeinococcusis being
progressively unfurled. Several laboratories gllyhalkorking on various aspects leading to a
single question on how this bacterium confers unkthble and unbelievable tolerance [to
radiation effect. Our work from Bhabha Atomic ResbaCentre has contributed significantly to
the global efforts on this aspect. Some of our lmetaontributions that are being used for
explaining and in the discussion of the work frorthev laboratories are (i) the RecF
recombination pathway in absence of RecBC enzyowdyibutes to efficient DSB repair and
radiation resistance (ii) an antioxidant metaboRR®@Q has a role in both oxidative stress
tolerance and DSB repair, (iii) the multiple proteihaving greater significance in DSB repair
and radiation resistance, are present and funttigather in a multiprotein complex, (iv) the
bacteria do not confer classical SOS response dug Bukaryotic type serine /threonine protein
kinase might have a different DNA damage responsehamism as an alternate to SOS response
and (vi) the involvement of a eukaryotic type Sar/protein kinase in DSB repair and radiation
resistance was reported first time in any bacteria.
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Abstract

First-principles based theoretical and computatibtechniques are of immense importance in
providing invaluable insights into the experimentddservations, proposing new experiments,
and designing molecules and materials for specfplications. In fact, the potential role of
theoretical and computational chemistry to desigmwmolecules and novel materials through
prediction of their structure and various physideemical properties is well recognized
throughout the globe as is evident from the awdrd998 Nobel Prize in chemistry to Walter
Kohn “for his development of the density-functionbeory” and John A. Pople “for his
development of computational methods in quantummidte/”. Interestingly, the Nobel Prize in
Chemistry for the year 2013 has also been awardetdly to Martin Karplus, Michael Levitt
and Arieh Warshel “for the development of multiscalodels for complex chemical systems”. In
the present article an overview of some of our me@eorks, which are carried out using various
theoretical and computational techniques is prodideith a special emphasis on the chemistry
of lanthanides and actinides directly relevant he back-end nuclear fuel cycle. In particular,
our very recent work dealing with the introductioh a new chemical concept, “Intra-ligand
Synergism” followed by design of novel ligands tioe separation of trivalent actinides from
lanthanides is presented briefly. Moreover, ouremctheoretical prediction on the design of
actinide-lanthanide encapsulated small-size newalioétillerenes, which are associated with
very high stability and high symmetry because ef déffect of geometric and electronic shell
closing, is reviewed briefly. Finally, experimentahlidations of some of our theoretical
predictions on the lanthanide-actinide separatibatthave been carried out at BARC through
syntheses of the predicted ligands followed byeswlextraction experiments are also presented
here.

Keywords

Actinide-Lanthanide Separation; Metallofulleren@ieoretical and Computational Chemistry;
Density Functional Calculations; Magic Clusters:e3@ctron Principle

Introduction

In the past century many physico-chemical concepts popular electron counting rules that
have been introduced in chemistry are highly swgfaksn rationalizing the stability of many
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chemical systems and to explain various chemicaitiens and processes. Among them, some
of the notable ones are the concept of electronetyat hard-soft-acid-base-principle (HSAB),
frontier molecular orbital (FMO) theory of chemicaactivity®> Lewis octet rulé, 18-electron
rule> 32-electron principlé etc. Of late, particularly in the 1980’s and 1996ensity functional
theory (DFT§ has provided rigorous physical foundation to soofethese concepts; for
instances, identification of the chemical potentélthe electron cloud in density functional
theory with the negative of the electronegativityjantification of the hardness parameter as the
second order energy derivative with respect tontimaber of electron$gdefining Fukui function
within the framework of FMJ, introduction of the principle of maximum hardné$snd the
concept of spin-polarized electronegativityproposition of hardness-polarizability relationshi
within the FMO approacf etc. At the same time computational chemistry egipopularity
because of the advent of high-speed computers)ajsuent of new theoretical formalisms and
various new theoretical tools in the domains of DB&ifid the post-Hartree Fock based
approache$® In fact, in recent times, the theoretical and cotaponal chemistry have been
proven to be quite versatile in providing meaninghsights to explain the behavior of various
chemical systems and processes.

Among the available theoretical methods, the degrsitctional theory (DFT9)has become one

of the most popular computational methods for lasgstems because of its computational
economy and good accuracy, and its ability to trébet electron correlation effect quite
accurately. As a consequence, it is now possibleiopute the properties of various chemical
systems and processes quite accurately using Dgddkiachniques. Moreover, DFT is not only
computationally cheaper but also conceptually semgdecause it involves single particle
electron density as the basic variable. Apart froing interpretative, theoretical and
computational chemistry is able to design new ckhamsystems through predicting the
structures and properties of hitherto unknown sgstevith good accuracy. In fact there are
many instances in the literature where theoretpradictions are followed by experimental
investigations:

In this account we describe some of our recent syoskich falls under this category. Thus, the
present article provides a brief description of maent achievements in the areas of lanthanide-
actinide separatidi’® and lanthanide-actinide encapsulated small siz&lloillerenes.’?°
where large scale electronic structure calculatiares involved for predicting the structures,
energetics, and many physico-chemical propertielsidng infrared and electronic spectra. We
have used various conventional physico-chemicakcepts and adopted first-principle based
DFT approach for all our investigations, as diseds® our recent workS:? It is well known
that relativistic effects are very important foghiZ elements such as lanthanides and actinides.
Therefore we have taken into account the relativeffects by using both scalar as well as spin-
orbit approaches within the framework of zerothesrcegular approximations. Finally, we have
discussed some of the experimental results tha banfirmed our theoretical predictions on the
design of actinide selective new ligands.

The article is organized as follows: Some of oaerg works involving lanthanides and actinides

have been presented in the next two sections, inallyfin the last section concluding remarks
have been provided.
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Lanthanide-Actinide Separation

Design of suitable ligands for selective complexatof metal ions in solution is of enormous
importance in various fields like medicinal biologgnvironmental sciences, hydrometallurgy,
and nuclear waste management as well as for diffenelustrial applications. In recent years,
considerable attention has been given to underdtamathemistry of actinides because of its
close link with the nuclear waste management psasedt is well known that the radiotoxicity
of high level liquid wastes can be reduced to afgextent through removal of long-lived
emitting actinides under partitioning and transmataoption and hence it is considered to be an
important step in the back-end nuclear fuel cycle.

Thus, selective extraction of actinides (An) frohe tanthanides (Ln) is one of the important
steps in the back-end nuclear fuel cycle. Howeweas, a challenging and difficult task because
of very similar chemical properties of these twdeseof ions as they are associated with similar
ionic radii and same coordination numbers. The HSpA#hciple classifies the trivalent
lanthanides (Ln(lIl)) and trivalent actinides (Ah)) cations as hard Lewis acids; consequently
their bonding is mainly ionic and primarily govedhiey charge density.

In spite of this, there is a modest enhancementoghlency in the bonding of An(lll) with
various ligands as compared to that of Ln(lll) céemps due to the larger spatial extent of the 5
orbitals of actinides as compared to tHeorbitals of lanthanides. Because of this, An(dfe
considered softer than Ln(lll), and an advantagebsisrimination between An(lll) and Ln(lll)
ions is possible while using ligands with soft doatoms like sulfur and nitrogen.

Here it is important to note that efficiency of qalex formation of either Ln(l1l) or An(lll) with
hard donors like oxygen is much better as comptreudtrogen or sulfur donors because both
the set of metal ions are hard Lewis acids, agliit agreement with the HSAB principle, which
states that “hard likes hard” and “soft likes softfowever, no selectivity is observed with
oxygen donor ligands. Although actinide selectiigand with hard donor atom like oxygen
seems highly unusual in a conventional solventagetitn based approach, we have made an
attempt to design actinide selective new ligands@ated with hard donor atoms.

To accomplish our objective, we have considEtédo valence isoelectronic metal ions, viz.,
Am(lll) and Eu(lll) along with two other metal ionse. U(Ill) and Ce(lll) and investigated the
complex formation process with 1,10-phenanthro(jREIEN) and its di-acid derivative, 1,10-
phenanthroline-2,9-dicarboxylic acid (PDA) (Figune

Consequently, both soft (nitrogen) as well as Hard/gen) donor centers are available in the
PDA ligand. We have also considered other ligahdsugh functionalization of PDA with soft
donor atom such as sulfur viz., 1,10-phenanthre®i@mono-thio-dicarboxylic acid (binding
through oxygen atoms, TCA1), 1,10-phenanthrolir®2efpno-thio-dicarboxylic acid (binding
through sulfur atoms, TCA) and 1,10-phenanthrofrfe-di-thio-dicarboxylic acid (THIO).
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PHEN PDA TCAL/TCA THIO

Fig. 1. Structures of 1,10-phenanthroline (PHEN) ad its different derivatives: 1,10-phenanthroline-29-
dicarboxylic acid (PDA), 1,10-phenanthroline-2,9-rano-thio-dicarboxylic acid (TCA/TCA1) and 1,10-
phenanthroline-2,9-di-thio-dicarboxylic acid (THIO).

Comparing the calculated bond length values andctimeplexation energies (Figure 2) it has
been found that the Am(lll) is selective towardfwgudonor ligands (TCA and THIO), which is
rather expected from the fact thdtdsbitals of actinides are more diffused in natasecompared
to the 4 orbitals of lanthanides. However, the interestpant to be noted here is that the
bonding interaction of Am(lll) is found to be highgith PDA and TCAL1 ligands as compared to
Eu(lll), where the metal-ligand binding is maintydugh the hard donor oxygen atoms. Similar
trend is also observed for U(lll) and Ce(lll). Agher complexation energy of the softer Am(lII)
ion with the hard donor ligands is quite unusual &nis in sharp contrast to the conventional
ligand design methodology, where soft donors aregaly used to achieve actinide selectivity.
Nevertheless, we have rationalized the selectivepbtex formation of An(lll) over Ln(lll) with
oxygen donor ligands through providing an in-depisight within the framework of HSAB
principle and FMO theory of chemical reactivity.

The calculated hardness valug for the bare Etf and Ani* ions is found to be 0.395 au and
0.270 au, respectively, which indicate that &non is softer than Efiion. Howevery values of
[Eu-PHENF* and [Am-PHEN]{" complexes are found to be 0.072 and 0.077 authier avords,
the [Am-PHEN}* complex is calculated to be slightly harder thae [Eu-PHEN}* complex,
which is in contrast to the hardness values ofréispective bare metal ionBhus, the nature of
the metal ion is changed dramatically after coation with nitrogen donors present in the
PHEN moiety, and Afi in [Am-PHENF* moiety can be considered as harder as compared to
EW®* in [Eu-PHENF' fragment. Consequently, Athin [Am-PHENF* fragment is able to bind to
harder oxygen donor atoms present in the two —C@@&idps of PDA in a stronger way. It is
further supported by the calculated values of Fulaactivity indices, which reveal that the
interaction of oxygen donor is favorable with Anin [Am-PHENF* complex as compared with
EW®* in [Eu-PHENF" complex®®

From the calculated results it is quite clear thatinteraction of the metal ion (An/Ln) with the
oxygen donors in the PDA ligand is much strongantthat with the nitrogen atoms present in
the same ligand. Therefore, to ascertain the effewitrogen atoms on the coordinating behavior
of oxygen donors present in phenanthroline denreatifurther, we have considered the ligand
PDA with nitrogen atoms replaced with -CH groupsth/this modification one can investigate
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the behavior of the oxygen binding towards the inieta in absence of nitrogen donors. The
calculated results revealed that the modified kibendevoid of any selectivity towards trivalent
actinides. It has also been observed that the métaben interaction is much weaker than the
metal-oxygen interaction in the An/Ln-PDA complex@tus, all the calculated results clearly
indicate that in presence of nitrogen atom as amotlonor center, the PDA ligand becomes
selective towards actinides as compared to lantlesni

Based on all the calculated results, we have ioted the concept of “Intra-ligand
Synergism™° and shown that selective complexation of actinidiéh hard donors in presence
of soft donors, available in the same ligand isegdl favorable. The nitrogen atoms act as a
synergistic agent to facilitate the preferentiagéraction between the softer actinide ion and the
hard donor oxygen atoms, which are present in #mesPDA ligand. In fact, in separation
science intermolecular synergistic agents are esgensively for an efficient extraction of a
particular metal ion where a second ligand knowrt@gxtractant works in a synergistic way
with the first ligand in presence of each othertHa literature several such investigations are
reported where it has been demonstrated that Sgtiergffect plays an important role for an
efficient and selective extraction of a particutaetal ion. However, we have used synergistic
donor atoms, which are present in the same pritigagid, and therefore coined the term, “Intra-
ligand Synergism”. Syntheses of some of the thaaigt designed ligands followed by their
solvent extraction study have also been perforroedlidate our theoretical predictions.

—8— AR (Am-Eu)
0.15¢ —/— AR (Am-EU) ol Il Am
- ARO/S(U-Ce) - Eu
—/— AR (U-Ce o r I v
0.12 — 6l B Ce
[ 0.09 - T 5F
1 . E eV
AR/ A \ /. 4t
0.06} o V. ° 3t
;/ 2+
0.03r 1L
Y4
. . X ’ 0
PDA TCA1 TCA THIO PDA TCAl TCA THIO
Ligands Ligands

Fig. 2: Difference in the optimized M-N and M-O/S pnd distance valuesAR in A ) between Am(lll) , Eu(lll)
and U(lIl), Ce(lll) in presence of solvent, and Conplexation energies (E/eV) of metal complexes, [M[]
where M= Am/Eu/U/Ce, and Ligand=PDA, TCA1, TCA andTHIO in presence of solvent

Although PDA may be considered as a promising ligkor the purpose of actinide-lanthanide
separation, it is limited by its low solubility @queous solution as well as in organic medium.
However, it has been emphasized that solubilit’BA in organic medium can be enhanced
through conversion of carboxylate groups into caylmides, to make it suitable for actinide-
lanthanide separation. Therefore, two valence éxpednic metal ions, viz., Am(lll) and Eu(lIl)
have been considered to investigate the complexdtion process with 1,10-phenanthroline-
2,9-carboxyamide (PDAM) based ligands, viz., PDAM,N-di-isobutyl PDAM (PDAM-
Isobutyl), and N-decyl PDAM (PDAM-Decyl), which arelerived from the 1,10-
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phenanthroline-2,9-dicarboxylic acid. The calcudatalues of difference in the metal-ligand
bond lengths (Figure 3) clearly indicate that tteboxyamide based ligands are Am(lII)
selective. It is further supported by the calcudatalues of the complexation energies where it
has been found that the Am-Ligand complexes aresiable as compared to the corresponding
Eu-Ligand complexes, with a difference in the cosmplion energies of 3.19, 2.93 and 3.08 eV
with the PDAM, PDAM-Isobutyl and PDAM-Decyl ligandsespectively.

2.68r

2.64r

2.60r

2.44¢

2.40r

2.361

PDAM  PDAM-Isobutyl PDAM-Decyl
Ligands

Fig. 3: Calculated M-L bond distances (A) for Ami* and Eu** complexes with PDAM, PDAM-Isobutyl and
PDAM-Decyl ligands in presence of solvent

Due to very low solubility of the PDAM ligand in é¢horganic diluents, we have alkylated the
amide groups of PDAM through which its solubility organic medium has been enhanced.
Therefore, three amide-based ligands viz, PDA)M N,N-di-isobutyl PDAM (PDAM-Isobutyl,

5) and N-decyl PDAM (PDAM-Decylf) have been synthesized (Figure 4) and the exbracti
efficiency of these ligands have been investigatsidg solvent extraction technique, the details
of which are given in our recent publicatifnit has been found that all the alkyl derivativés o
PDAM ligand are A" selective.

The experimentally observed distribution ratio esare found to be 21.4, 4.62 and 10.3 for the
Am*" ion with PDAM, PDAM-Isobutyl and PDAM-Decyl ligaisg respectively, and the
corresponding values for the ¥ton are 2.9, 1.05 and 0.2. Therefore, a maximutraetion
efficiency and separation of Athover EG* with a separation factor (S.F.) of 51 has been
observed experimentally using the ligand PDAM-Dexy/icompared to the other ligands (Figure
5) investigated by us. It is interesting to notattithe separation factor is found to be the
maximum at pH 1. Thus, all the experimental resatisfirm our theoretical predictions on the
selectivity of hard donor containing ligands towsa&h™" ion.
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Scheme 1: i) MeOH, dry HCI, reflux, 2.5 h; i) NHNH,4CI, 25°C, 15 h.

-
%]

Scheme 2:i) SOG| reflux, 24 h; ii) Diisobutylamine, DMF, 2%, 24 h

Scheme 3:i) SOG| reflux, 24 h; ii) Decylamine, DMF, 2%, 24 h.

Fig. 4: Synthesis Schemes of PDAM (3), PDAMsdbutyl (5) and PDAM-Decyl (6)
Predictions of New Metallofullerenes

The radioactive isotopes doped endohedral met#kboémes are of considerable recent interests
because of their potential applications in varidiedds including nuclear mediciné$?®
Therefore, we have been interested to investigagestlective encapsulation of radioactive
metal atom/ions using suitable fullerene. Moreoitdras been indicated that fullerene might act
as nanoscale absorbent materials for radionuchad®abilization and it may be possible to
entrap different actinides into carbon nanostredyrresulting into chemically stable
radionuclide encapsulated biocompatible fullerdnesarious applications including safe
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Fig. 5: Effect of pH on the Distribution Ratio (Dam) and Separation Factor (S.F.) of Ami" and EU** using

PDAM-Decyl. Org. Phase: 8 x 18 M PDAM-Decyl in dodecane:octanol (5:1) mixture; Aq Phase: 2M LiCIO,
at different pH

management of nuclear wastes and designing classambled novel materials. The physical
and chemical properties of a metallofullerene careéasily tuned by altering the encapsulated
species, which in turn can act as a promising fanat material. Smaller fullerenes are of
special interest due to the presence of high curgadnd huge strain energy owing to the
presence of adjacent pentagonal rings, which leadlusters with unusual intra and inter -
molecular bonding and electronic properties. Amamg smaller fullerenes (n < 60) onlyC
have been isolated in solid forfhalthough other smaller fullerenes have been ifledtin
various gas phase experiments.

The smaller fullerenes, which are generally forrdeding the production of stable fullerenes,
are difficult to isolate because of their extremigigh chemical reactivity and very low stability.
However, encapsulation of a suitable dopant atonomr(metal or nonmetal) may lead to the
stabilization of smaller fullerenes. We have shdhat the stability of the smaller fullerenes can
be increased considerably through encapsulatioano&ppropriate metal atom or ion so that
experimental preparation of such smaller size fefles may be possible. This stability gain has
been rationalized using some fundamental electrsticcture principles, viz., electronic shell
closing, geometrical shell closing, the conceptnadgic number etc. We have chosen four
different small fullerenes, viz.,%&; Cy, Cos and Ge, and encapsulated lanthanide /actinide (Ln /
An) atoms/ions with specific number of valence #&lmts to attain magic number electronic
configuration for the central metal atom/ion (Fig&). Here, we have provided in-depth insights
into the process of encapsulation of various matains/ions within different fullerene cages
using computational techniques. A complete discussdf structural, electronic, bonding,
aromatic and spectroscopic properties for all thesters has been provided in our recent
publications:’ %

First we have consider&done of the smallest fullerenes;@o investigate the encapsulation of
a Ln/An atom/ion into it. On encapsulation of atlamide/actinide atom/ion with six valence
electrons, @ fullerene with Gy/D3y symmetry has been found to be transformed to wighl
symmetric icosahedral structure. It is importanhtde that the HOMO-LUMO gap of the bare
Cyo fullerene is increased from 1.9 eV to 2.5-4.9 etéraencapsulation of various Ln/An

atom/ion into it (Figure 7). The calculated valuwéshigh binding energy per atom (6.0-7.4 eV)
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indicate that the M@% clusters(M = Pr, P&, Nd, U, Pm, Np', Snf*, P, EU*, Am®, Gd™,
Cm*") are associated with very high stability as compaoettie bare o cage. Similar to F12>
and Sn,’ specieg? all the predicted organometallic icosahedral My, systems with 26-
valence electrons occupying the m-carbon hybrid orbitals (Figure 8), can be consideas
highly stable clusters with “intermediate magic fers”. The most important aspect to
noted here is that the barey, fullerene with Gy/Dsy symmetry is transformed to high
symmetric } structure after encapsulation of an atom/ion wi-valence electrons, which
rather countermtuitive from the fact that symmetry of a chemisghktem is enerally lowered
after doping with an impurity atom. Preparationtbé M@ clusters using laser ablati
techniqguesnay be one of the possible ways of detecting thsiet |, structure of ;o cage by
mass spectroscopy or photoelectron spectros

& —

W e U(6e) wi &
R > e ...r.. * ey
N s
S -
C36(Dén) U@C;6(Cey)
Iy W S _M(6e) i1
e-1a L e & ]
g A || “xe L
C,4(C,) M@C,4(Deq) Co6(D3n) M@C;6(D3p)

Fig. 6: Structure of bare G, Fullerenes and M@G,, Metallofullerenes with M as Ln /An atom or ion with
specific number of valence electrons. Molecular Poi Group Symmetry is given within the parenthesi

5.Cr

HOMO-LUMO Gap / eV

Pr Pa Nd U PniNp'Snt* PWWEU*AM*Gd*“Cm*
Metal Atom/lon

Fig. 7: Calculated values of HOMC-LUMO gap of M@C,, Metallofullerenes, M=Pr", Pd, Nd, U, Pni, Np,
snt*, PP, EU*Y, Am*, Gd*" and Cm**
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Subsequently, we have considereg} fullerene, which was prepared experimentally itidso
form?® in the past. In this case we have investigatdifferent classical cage structures af C
fullerene with an objective to investigate the ploiisy of enhancing the stability of thesgcage
through encapsulation of a uranium atom. We hawdied fifteen U@Gs isomers associated
with various symmetries. Two competitive isomers fmund to exist for the 4g cage, viz., By

and Oy, whereas, for the U@gmetallofullerene, the & isomer, which is derived from thesPD
cage, is the most stable one and significantly fowesnergy as compared to the other isomers.
The stability of the most stable U@Cnetallofullerene has been rationalized throughgsdc
and energetic criteria.

The stability of the U@¢ metallofullerene has also been explained in tesfiarger HOMO-
LUMO gap (1.8-2.5 eV as compared to 1.34 eV foreb@y fullerene), higher binding energy
per atom (~6.5 eV) and more compact structure,omspared to the barezgEcage. For the
U@GCs metallofullerene the 50 valence electrons are rimuted by metal atom/ion (14
electrons from U) and thesgcage (36t electrons) (Figure 9).

The stability and the magic nature of the uraniumapsulated 36-atom fullerene cage, as
evident from our calculated results, clearly intkca possibility of formation of cluster-
assembled material consisting of U@Cluster as building blockThe origin of the higher
intensity peak corresponding to the U@®@netallofullerene in the experimentally obseri/ed
FT-ICR mass spectrum of cluster cations formed ftbenvaporization of a U&graphite target
may be attributed to the highly stable,Gtructure, derived from the s cage with @@y
symmetry.
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Fig. 8: Molecular Orbital Diagram for the U@C,, Metallofullerene without (left) and with (right) Spin-Orbit
Coupling
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Fig. 9: Molecular Orbital Diagram for the U@ CssMetallofullerene without (left) and with (right) spin-orbit
coupling

Apart from the M@G, and U@Gs metallofullerenes, two new series of metal atom/io
encapsulated “superatoms” fulfilling the 32-elentyqarinciple have been proposed by us. Here
we have considered two fullerenes, vizp, @nd Ge. In the case of & fullerene, the non-
classical G symmetry isomer is the most stable one for thee bduster. However, after
encapsulation of an atom/ion with 8 valance eledroside the barejgZcage, the sole classical
iIsomer achieves high symmetry¢dpand stability along with high HOMO-LUMO gap. The
elevation of symmetry from £0 Dsq point group and gain in stability can be attrilsbiterough
fulfillment of 32-electron principle for the cenkractinide/lanthanide metal atom/ion (Figure 10),
where 32-electrons are contributed by the actiaiten (8 valence electrons) and,Qullerene
(24 & electrons). The calculated values of HOMO-LUMO @ayal binding energy indicate that
the encapsulation of 8-valance actinide metal dtomis energetically more favorable as
compared to encapsulation of 8-valance lanthanid&lnatom/ion. The calculated results show
that, Pu@@, is the most stable metallofullerene among all M@C,4 clusters (M= Sm, Pu,
Gd*, Cnt*) reported by us®

Next we have investigated the encapsulation ofouarilanthanide/actinide atom/ion with 6
valence electrons into the;{fullerene. It has been found that the electrohoapen-shell Gs
cluster with quintet ground state is transformed wosed-shell singlet system on encapsulation
with an actinide/lanthanide atom/ion with 6-valerglectrons. High stability of the M@g
metallofullerens (M = Py P&, Nd, U, Pri, Np*, Snt*, P/, EC®*, Am**, Gd**, Cnf™) for all the
actinides and few of the lanthanides has beennaliized in terms of larger HOMO-LUMO gap
(2.6-4.0 eV as compared to 1.6 eV for the baggdage) and higher binding energy per atom
(5.8-6.8 eV). Thus, the M@g systems with 32 valence electrons occupying th&lrearbon
hybrid orbitals, can be considered as highly stallsters with “magic number” of electronic
configuration (Figure 11). Thus, in addition to thexently predicted Pu@pPb M@GC,s and
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[U@Si® systems??® the new series of metallofullerens reported b¥fsstrongly suggest
that the 32-electron principle might have importanplications in the chemistry of lanthanide
and actinide compounds. Moreover, all the calcdla®uctural, energetic and spectroscopic
properties indicaté® that it may be possible to observe the M@G@nd M@Gs
metallofullerenes through suitable experimentahnague.
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Fig. 10: Molecular Orbital Diagram for the Pu@C,,Metallofullerene without (left) and with (right) spin-orbit
coupling

Conclusion

A Dbrief overview on the predictive ability of theical and computational chemistry in
designing new compounds containing lanthanide atichide atom/ion has been given in this
article. Particularly, the importance of theoretitachniques in proposing new concept, viz.,
“Intra-ligand Synergism” and its role in predictingvalent actinide selective new ligand
associated with hard-donor atoms has been empHbasipsvever, idea of using hard-soft mixed
donor ligands in achieving actinide selectivitwery new and therefore more collaborative and
concerted efforts involving theoreticians, expermtadists and technologist are required to utilize
this concept for future applications, which wouldiéed be interesting as well as challenging.
Importance of stabilizing the smaller fullerenesotigh fulfillment of geometric and electronic
shell closing through encapsulation of a lanthalaictenide atom/ion within small-size fullerene
has been highlighted, which are otherwise assatiaith very low stability for experimental
preparation. Till now only limited number of inveggtions has been reported on the
radionuclide encapsulated small-size metallofulless and the stabilization strategy proposed
by us might be very useful in designing new mefallerenes involving various radionuclides.
Entrapment of radioactive noble gas atoms is censdlto be another important area of research
in any nuclear energy establishment, and henceqgpicad of novel compounds involving noble
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gas atoms is equally important. Recently we haverituted along this direction and predicted

few chemically bonded noble gas compoutfdepwever, they are stable only at cryogenic
conditions. Further studies for the predictiontafb$e noble gas compound at ambient conditions
are in progress in our group.
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Fig. 11: Molecular Orbital Diagram for the U@C,sMetallofullerene 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. Soichiometry of the extracted complex determined by slope analysis method reveals 1:1:1
molar ratio for Cs", CC6 and HNOs;. Extraction of cesium was found to be independent of nitrate
ion concentration, due to formation of solvated free ions Cs"CC6.HNOs and NOj3 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.

I ntroduction

Safe management of high level radioactive wasteWjikolution is one of the most important
technological challenges faced by the nuclear imdiss Development of efficient separation
processes for removal of harmful radiotoxic elermdndm waste solutions will be the key for
success and public acceptance of nuclear energygmo The toxicity of the waste is mainly
due to the presence of unrecovered U and Pu, lgad-minor actinides such as Np, Am, Cm
and radioactive fission products, mainly rare earifirc, °°Sr and isotopes of cesium®Cs,
134cs and™'Cs). Removal of residual Uranium and Plutonium frva waste can be done by
employing TBP as a solvent. Actinide partitioningdaTransmutation (P&T) is the proposed
strategy for safe management of minor actinidesresthey will be separated from the waste
and converted to short-lived or stable nuclides inigh energy flux reactors. It is known that,
137Cs 1 = 30.1 years) anfSr 1, = 28.9 years) are major heat emitting nuclidesrimuting
largely on heat and radiation load of HLW ahdCs ¢, = 2.3 x 16 years) has a long term
adverse impact on ecology due to its mobility ipasitory [1]. Removal of*'Cs and®’Sr
provides several advantages, like, significant cédo in the need for redundant cooling of the
waste solution, reduction in time of vitrified wasstorage before disposal in geological
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formation, increases the stability of vitrified waswhich results in increase in capacity of
geological repository, facilitates the handling arshsport of waste, and also the separstézs
can be used as gamma source in medical and iraluegtplications. It is, therefore, imperative to
develop an efficient separation process for regoweércesium from HLW. In fact, its selective
separation from HLW solution, containing large @nitof 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 thetmadely investigated class of calix-crown
ring system for their application as host molecdtgsselective separation of cesium ion from
acidic and alkaline nuclear waste solutions. Thesé-crown-6 ethers, when fixed in 1, 3
alternated conformation posses a cavity which ghllyicomplementary to cesium ion and serve
as potential extractants for selective separati@esium ion in liquid-liquid extraction processes
from solution containing large amount of Nad" and other metal ions. This property has
enabled their exploitation in selective separabbmadioactive cesium from acidic nuclear fuel
reprocessing solutions containing much large amotisbdium compared to cesium. However,
difficulty in synthesis of calix-crown-6 molecules larger scale and their incompatibility with
PUREX based diluentsi{dodecane) complicates the attempt to develop eepsofor separation
of cesium from HLW at industrial scale [3]. In affiogt to recover cesium from HLW solution,
we have successfully synthesized 1,3-dioctyloxyfélarene-crown-6 at larger scale
indigenously and also developed diluent system asen-dodecane and isodecyl alcohol
(IDA), which is our existing diluent system for @oing program on separation of minor
actinides and strontium from HLW solution [4].

In this report, results of batch and continuous ntercurrent extraction of cesium from
controlled and sulphate bearing legacy HLW solidianlab and plant scale runs are presented.

Experimental

CC6 (Fig.1) was synthesized and purified accorgiingrocedure described by Casnati et al. [2].
The product was obtained as white needle crystits avsharp melting point of 94-9&. The
composition of HLW solution is listed in Table 13 a high salt content historical waste called
legacy HLW, stored in our waste tank farm.

/N

(\o 0/2

Hant

T @

R = gHy7

Fig.l: Structure of 1,3-dioctyloxycalix[4]ar ene-crown-6
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Tablel: Batch extraction of metal ionsfrom legacy HLW solution

Organic phase: 0.03 M CC6 + 30% IDA-Hodecane

Aqueous phase: HLW solution, HN® 3.6 M, Sulphate =8 g/L, O/A=1

Grossp = 5.4 Ci/L, Gross. = 3.66 mCi/L

1¥Cs = 1.75 Ci/L°Sr = 1.5 Ci/L,"®Ru = 1.2 mCi/L,"*°Sb = 1.12 mCi/L}*Ce = 0.97 mCi/L

o

FElements | Concentration Dy Separation factor (S5F) [HNO3]
(meg/T) DDy in loaded organic

Cs — 5.2 — 0.065 M
Sr — 1.0E-04 52000
Mo 130 2.0E-02 260
Zr 86 1.0E-02 520
Rn --- 2.0E-02 260
Ca 1120 1.0E-03 5200
Ba 375 5.0E-03 1040
Fe 7600 1.0E-03 5200
Na 30,602 1.0E-04 52000
K 215 1.0E-02 520
Al 5750 1.0E-04 52000
La 300 ND very high
Ce --- ND* very high
xd 730 ND very high
Y 60 1.0E-03 5200
U 18000 S.0E-03 1040
Pu — < 1.0E-03 =5200
Am - < 1.0E-03 =5200

&

*ND: Not detected

For the determination of distribution ratiDy), equal volume of organic phase constituted with
CC6, isodecyl alcohaldodecane and aqueous phase containing metal iasneguilibrated for
10 minutes in a 5 mL glass vial. After the phasgasation by centrifugation, the organic and
agueous phases were separated and analyzed fdrianstaheD), was calculated as the ratio of
concentration (or radioactivity) of metal ion iretbrganic phase to the aqueous phase.

Results and discussion
Extraction of cesium

Preliminary studies on dissolution of CCéniilodecane at 25 € has shown that a solution up
to 0.03 M is stable for more than two months, abthis concentration the dissolution was
assisted by sonication, however after standing 48r hours, a powdery white solid was
precipitated out. CC6 was found to have good sbitybin isodecyl alcohol +n-dodecane

mixture, the solubility increases with increase isodecyl alcohol content in the mixture.
Extraction of cesium with CC6 + IDA/dodecane solutions was carried out and the results
variation ofD¢s as a function of isodecyl alcohol concentratiodieierent CC6 molarities (0.01-
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0.03 M) were shown in Fig.2. There was almost ntragtion of cesium when CC6 was
dissolved only im-dodecane, extraction was observed only on adddfoisodecyl alcohol to
the solvent. Extraction of cesium increases witliease in concentration of isodecyl alcohol for
all the concentrations of CC6. Isodecyl alcohoingea polar molecule, helps in solvating the
polar calix-crown-cesium complex, therefore, witltrease in isodecyl alcohol concentration,
Dcs increases. From the results, it is clear thahédri concentration of isodecyl alcohol is more
suitable for effective extraction of cesium. 0.0306hN-dodecane containing 30% and above
isodecyl alcohol content was considered as apmtgprocess solvent for effective separation of
cesium from acidic HLW. The relation betweBgs and HNQ (iniiay concentration for 0.03 M
CC6 + 30% IDAN-dodecane is shown in Fig.3. A very small increiasB¢cs was observed in
lower region of nitric acid, up to 1 M nitric ac@mbncentratiorDcs was 0.58, and above it the
increase was significant up to 6 M nitric adidkb{~ 6.6) and then decreases with further increase
in nitric acid concentration. Thus, indicating grsficant role of nitric acid in extraction process
The acid dependency on the extraction of cesium dedsrmined from nitric acid solutions of
constant nitrate concentrations or at fixed iortrerggth of 4.0 M (H,Na)N@ The observed
slope of 0.976 + 0.035 suggests the presence afinmtecule of HNQin the extracted complex.

T T T T
J 74
“ —=— 0.03 M CC6|

—e—0.02MCCH
124 |-4—o001McCCH

104

»n 8 0
g § 3
N ]
24
| /
4 14
24
0
10 20 30 40 50 60 70 80 9 100 o 2 a4 & 8 10
% of isodecy! alcohol (v/v) [HNOg]j M
Fig.2: Variation of Dcsat 3.5M HNO; Fig.3: Extraction dependency of cesium
with isodecyl alcohol concentration on initial nitric acid concentration

The increase in nitric acid concentration favoes filrmation of organic soluble CEC6.HNQ
adduct, thus, resulting in increaseDgs. However, beyond 6 M nitric acid, decreaseDig is
attributed to the competitive extraction of nitacid by CC6. The existence of nitric acid in the
complex is likely due to hydrogen bonding betwedd(d and etheric group of crown ether
moiety of CC6. It is interesting to note that extian of cesium is almost negligible at lower
nitric acid concentrations<(0.1 M), therefore this important property is uded stripping
cesium with deionized water. The extractant depecygi@lot is a straight line with a slope of
0.99 + 0.02, indicating participation of one mollecof CC6 in the extracted complex. Role of
counter anion on the extraction was determined fivariation with [NQ Jinii at constant
initial nitric acid concentrations. The results shoo change iD¢s with increase in nitrate ion
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concentration. Contrary to extraction behavior ajsiof the neutral extractants, this re:
suggests that nitrate ion is not participatinghi@ tesiur-CC6 conplex formation.

The stoichiometry of the complex indicated one wasion bonded with one molecule eact
CC6 and HNQ'to give a cationic complex of type CsC".HNOs. This complex either remai
ion paired with NQ ion to give CsCC6.HN3.NOs, or may renains dissociated from N; ion to
give free ions CsSCCEHNOs; and NQ .

The extraction process may be thus represent

CS aq+ NO5 4q+ CCBurg+ HNO3 og == CSCCB6.NQ.HNO; org 1)
cg aqt NOs aq+ CC6org+ HNG3 5 =— CsCC6.HNO; org ¥ NO3 org 2)

A non-olar diluents with low dielectric constant suchakanes and aromatic hydrocarbt
favor ionjpairing as shown in equation 1, whereas, in pollaredts like «-nitrophenyl alkyl
ethers, nitrobenzene, igrair dissociation is favorable following equationSince, in the prese
case the diluent used msdodecane with relatively high concentration (30%) wf polar phas
modifier, isodecyl alcohol, it is therefore, expatthat th diluent will have fairly high dielectri
constant to favor iomlissociation mechanism as shown in equation 2.,Adse to hydroge
bonding and electron pair donating ability of isoglealcohol, it can stabilize the complex cat
and anion by solvatiorthereby, increasing internuclear separations aeglgoting their clos
contact. Thus, the anomalous behavior of indepesydefDcs on NG;"ion concentration may k
attributed to extraction mechanism following egoati2, where the ionic species
predominantly dissociated ions as CsC".HNOs; and NQ" in the solvent [5]

Batch extraction test of cesium from HLW solution

The extraction behavior of cesium and other metalsipresent in HLW solution wi
investigated using 0.03 M CC6 + 30% I[n-dodecane. The distribution ratios of all -
elementsDy) and separation factors with respect to cesiuntadrelated (Table 1). The resu
showed thatD¢s is much higher compared to other elements, thudicating a very higl
selectivity for cesium dxaction over other elements. Radiolysis of thecpss solvent up to ¢
absorbed-dose of 0.6 MGy produces essentially no deteriomat its performanc

Lab scale counter-current mixer-settler studies

The main objective for coun-current mixer-stler runs was to optimize flow sheet parame
for maximum recovery of cesium at high purity frddh W solution. Uranium was separat
using TBP prior to the runs. Taking into accounted#sonably higDcs, and good stripping wit
deionized water, fourtages each of extraction and stripping at A/O &fwas thought suitab
for generating extraction and stripping data. Caersng very low distribution ratios of oth
elements, only two stage of scrubbing unit was eygid. Scrubbing of clear loaded anic
phase was then carried out with 3.5 M nitric actdCGdA ratio of 2:1.Fig.4 shows the
concentration profile of cesium in cpm/ml (afteritable dilution) across the extractic
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scrubbing and stripping stages, since the extnaaifoother elements were very low, therefore,
their concentrations were only analyzed in thelfgtap aqueous solution. The results showed a
good material balance with 99% extraction of cesifrom HLW solution, four stages of
stripping was found adequate to strip cesium fraadéd organic, the discharged solvent
contained less than 0.5% cesium. The total coragorr of impurities in the cesium strip
solution was found to be less than 1mg/l. The driakre repeated ten times with recycled
solvent, the efficiency of the solvent was retaimedll the runs.

T
40000 —a— Organic

—e— Aqueous|

30000+

20000+

[Cs] cpm/ml

10000+

T T T T T
0 2 4 6 8 10
Number of stages

Fig. 4. Cesium concentration profile. Fig.5: In cell view of cesium separation facility at
Stages: 1-4 Extraction, 5-6 Scrubbing and WIP, Trombay
7-10 stripping

Plant scale counter-current mixer-settier run

To meet the requirements of maximum possible ragowé cesium from HLW at plant scale,
few changes were made in the composition of theesbland in the number of stages of mixer-
settler. Solvent was constituted with higher petaga of the phase modifier, 50% IDA instead
of 30% to obtain better extraction efficiend = 9), total number of extraction and stripping
stages were increased to 12 x 2 from of 4 x 2.h&seixtraction of competing ions is negligible,
therefore, no scrubbing section was kept. The etitna and stripping efficiencies obtained were
more than 99.95 %, th€'Cs mass balance was good with less than 0.1m€@s left in the
stripped solvent phase. Solvent retained the eidra@nd stripping properties throughout the
run which lasted for continuous 20 days. This roocpssed about 30,000 liter of legacy HLW
and 45,000 Ci of*'Cs has been separated. The separated cesium wasamsitrified radiation
source (pencils) and supplied to BRIT for comméraidizations. In-cell view of the plant is
shown in Fig.5. Following are the results of placale run:

Solvent: 0.03 M CC6 + 50% |IDA/n-dodecane

Feed: Sulphate bearing HLW, HNO;=3.8 M

Strippant: 0.01 M HNO;

Flow rates: Feed = 80 L/h, Solvent: 60 L/h, Strippant: 60 L/h

HLW processed: 30,000 L

B¥Csin HLW = 1.8 Ci/L, ¥'Csin raffinate = 0.5 mCi/L, **'Csin product = 2.5 Ci/L
% Recovery =99.97

3’Cs Recover ed: 45,000 Ci

Cs (DF feedirart) = 3600
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Conclusions

CC6 constituted with a mixture of isodecyl alcolaid n-dodecane is found to be highly
efficient solvent for separation of cesium fromdécihigh level waste solutions. Plant scale
mixer-settler runs were smooth without any hydradyic problems, the extraction and stripping
efficiencies were very high with 99.97% recoveryesium from legacy HLW solution.
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Abstract

Pulsed Power based devices have been developegtifined to study matter under pressure or
in high temperature plasma states. These includectic Gun” to accelerate flyers to >6 km/s
which are impacted on samples like tantalum, aluminiron and tin to obtain pressures up to
70 GPa with on-line observation of phase transgio@apacitor banks have been used to drive
“Rail Gun” to accelerate projectiles to >3 km/s aidtra-high pulsed magnetic fields of >260
Tesla compress targets as also to produce and cheniae “pinch” plasmas. Inductive Energy
systems have been developed to obtain current ragpbn of >70. Exploding conductor based
opening switch schemes have been devised to shapgeasd fast current pulses. Systems and
diagnostics have been applied to monitor fissiléemals especially the high efficiency neutron
detectors passive monitoring of waste hull.

I ntroduction

Capacitor bank and inductive storage systems atenfial energy drivers for various devices
used in basic studies of matter at high pressdessity or temperatures. A number of research
and development activities related to Pulsed Pd&eenrces and their use in strategic as well as
in basic science studies have been developed,atbared 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, alkeown as electric gun) works on the principle
of electrical explosion of conductors by dischagjeenergy stored in a fast capacitor bank.
Discharge of current ohmically heats and explodésirametallic bridge foil like a super high
explosive, sandwiched between two dielectric shieatked by a heavy tamper on one side and
an appropriate size barrel on the other. Thesemsgsfind applications in high pressure shock
studies of materials especially energetic and llazer (such as actinides) in nature. In our
laboratory EEFA of various energies have been dgeel for different applications. This

35




BARC NEWSLETTER
FOUNDER’S DAY SPECIAL ISSUE 2015

include' a portable 1.6 kJ (ELG-2) set up for initiationdies of high explosives, 8 kJ (ELG-8)
system for high pressure impact studies and a mnad low energy (up to 100J) system.

The ELG-2 system (see Fig .1.) has been developddcammissioned to carry out shock
initiation studies on high explosives. An importaspect of system design is its portability. A
flyer velocity ofto 4.0 km/s have been measuredKapton flyers of thickness 125 pm and
diameter 8 mm. Experiments carried out on wax bedn@DX pellets measure detonation and
its simultaneity at free surface using optical fdbbeonnected to fast photodiodes. The values are
found to be in good agreement with the theoretstimations.

L

rel

pex)

High Voltage

‘Charging Unit,
| Spark Gap and
. Trigger Unit

RG-58 Cables

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

ELG-8 system (Fig.2.) is designed to acceleratgeladiameter flyers (~10 mm) to higher
velocities and conduct shock studies at relativielyh pressures with better accuracies. In
experiments a maximum velocity of 6.3 km/s has besgistered in 125 pum thick x 6 mm
diameter Kapton flyers with planarity in the rargfea few milliradians.

The performance of these systems have been chézadtevith an in house developed Fabry-
Perot velocimeter (FPV), which measures the Doppleft in the light reflected from the
moving surface and can measure velocities in thgeaf 0.2-10 km/s with a resolution of 0.2
km/s. This interferometer was recently improvizesdith dual beam configuration to vyield
information from two moving surfaces in same sibtierent metals like aluminum, copper, tin,
tantalum, tin, titanium and zirconium in the forrhthin foils have been subjected to impacts
with peak shock pressures of up to 70 GPa beignatl in tantalum. Peak particle velocities at
the target-glass interface measured by FPV have foeed in good agreement with the reported
equation of state data. A fiber optic based teamigas been implemented to measure the shock
velocity in stepped copper targets based on measthe time delay in the shock breakouts at
the consecutive steps. Measured shock velocityagas been in reasonable agreement with the
reported equation of state data. In-situ measuremwieprojectile as well as particle or shock
wave velocity in impacted targets has also beerechout wherein phase transition in Ti and Zr
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foils has been recorded at pressures well in agrremith reported data. Typical record for the
case of impact on Zn foil is shown in Fig. 3.

1.6 | EOS measurément of Zr at 99 GPa.' ' ' ' ]
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Fig.3: Streak Photograph and Corresponding Velocity
Profilein Zn Sample

Initiation studies carried out on ELG-2 system hbheen extended to develop miniaturized and
flexible assemblies. To achieve compactness, exgidil assembly has been designed over a
printed circuit board with an arrangement to safed an explosive pellet over it. To provide
flexibility and low inductance, this assembly haseb connected to high voltage capacitor using
2 meter long bunch of RG-174 coaxial cables. Thigregement helps in placing this assembly at
a desired location away from the capacitor ban&irksgap and high voltage charging unit. With
capacitor of 100J energy the velocities up to 3¥skhas been achieved on Mylar flyers
diameter 3.0 mm and thickness 75 um. Later theoekpy foil assembly and spark gap,
designed and characterized over a small pieceioffegr circuit board, were integrated together
(Fig.9). This integrated assembly has been foundct®lerate 3 mm diameter flyers up to a
velocity of 1.6 km/s with a 40 J capacitor.A nurosatischeme based on 1D Lagrangian finite
difference formulation has been also developedttieoretical modeling of such systems. The
developed numerical scheme is validated againstrerpntal and simulation data reported in
literature on systems of different energies. Nuoaly computed flyer velocity profiles and
final flyer velocities have been found in closeesgnent with the reported experimental data and
also with the results measured in our laboratory.

Rail Gun

Rail gun essentially consists of two parallel mdtars (rails) separated by suitably sized
insulator blocks to form its barrel. Projectile ptaced between the rails and backed by an
armature (metal or plasma) to complete the cupatit. As a high current is passed through the
rails and armature, the latter is accelerated byetactromagnetic force to push the projectile. In
our lab, we have developed a 60cm long; 6mm sdu@ne rail gun. The rails consist of two 12x
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12 mnf ETC grade copper bars. A 4mm deep step was intemtion either side of the rails to
get a bore size of 6mm x 6mm. The rail gun is fipgda 38 kJ capacitor bank with peak current
of 150KkA with a quarter cycle rise time 0.12rmAsvelocity of 3.1 km/s has been obtained which
matches well with theoretically expected value &f Bm/s Assembly and typical signals in a
shot are shown in Fig.4. Another 200 kJ capaditotk has been commissioned for enhancing
the velocity further with a new rail gun set up.
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Fig.4. (a) System Photograph &
(b) Experimental Resultswith 38 KJ Rail Gun Assembly

Ultra-High Magnetic Field Generation Devices

With an aim is to develop a facility to generatghhimulti mega gauss) magnetic field, two
different scheméshave been implemented in our lab. These areiahemagnets and
electromagnetically driven flux compression gerastbriefly described below.

Inertial magnets

Inertial magnets are single turn coils made owagper with 12 to 15mm thickness as shown in

Fig. 5. These have been powered by MAGIC capabiégmk. The current flowing through the
coil results in corresponding magnetic field at tod center. The coil generates high magnetic
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field by virtue of its inertia. Experiments haveebecarried with various coil dimensions and a
maximum peak magnetic field of 257 T has beenzedlj using a copper coil with 3.6mm inner
diameter, 35mm outer diameter and 5mm length. #Apact B-dot probe has been used to
measure this transient magnetic field with an estith error of +25 T.
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Fig.5. (a) Photograph of a Single Turn Coil and (b) Experimentally M easured Rate Change of Magnetic Field
and Its Strength

Electromagnetic flux compression generators

Experimental investigation on the electromagndircdliven flux compression generators have
been carried out with the aim to generate high reagtield and to use the magnetic pressure
associated with these high magnetic field for hgyessure study in materials. The device
includes a primary coil and a co-axial liner impdddo the central axis, by the Lorentz force (J
X Bz), where ¢ is the induced current in the liner and B the primary coil magnetic field
strength. Fig 6 shows the experimental set up. &k peagnetic field of 120T has been obtained
utilizing 49kJ of MAGIC capacitor bank energy tacaterate a 0.5mm thick aluminum liner. A
time rate of change of 0.9 x ®IUs has been obtained, which indicates the poggiloif using
this device as dynamic transformer generating katage pulses.

T T T : 1.0x10°
120 4

— B.OxI0
100

- 6.0x107

=
2
1

~ 4.0x107

dB/dt (T/s}

— 200107

Magnetic field (T)

~ 00

- -2.0x10°

Time {ps)

(b)

Fig.6: (2) EMFC Coil Assembly and (b) Experimentally M easured M agnetic Field and its Rate Change
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Experiments on Explosively Driven Flux Compression Generators

Explosively driven magnetic flux compression genaratare essentially the high current,
compact and disposable pulsed power systems welggrdensity much larger than capacitor
driven systems. Invented in the 1950’s, such geoexaare capable of delivering ultra-high
currents and voltages (up to tens of MA) in theetiduration of few tens of microseconds. In
order to have such generators for single shot egipns especially to generate ultra-high
magnetic field, which can be used to compress maitean isentropic manner, devices and
experiments have been carried out using 500 gm &®myplosive filled helical coils. So far a
gain of about 70 has been achieved in these expetamwith an initial current of 3 KA.
Typically recorded signal is shown in Fig. 7.
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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 componentpdaver conditioning system which couples
low impedance magnetic flux compression deviceh¢ohigh impedance loads like high power
microwave diodes. For this purpose, thin wires fmild which transform from a low impedance
to high impedance in a short time upon explosioa thipassage of fast currents function as
opening switches. Work has carried out in our lamg low energy systems such as 7.1uF/
40kV capacitor, charged to 15-25 kV. With a 5 mndeyil25 micron thick aluminum foil, a 280
kV, <80 ns rise time and 120 ns FWHM pulse acrd@@®Bm could be generated with 22 kV
sinusoidal capacitive discharge input as shownign & Such pulses have been used to drive a
HPM device earlier. To generate fast and high current putsassiderations need to be different
than for voltage and if used with another openimgtch a single pulse can be generated.
Accordingly, current pulse of about 400 ns riseetiand 1.3us width have successfully been
generated from 7.ps half cycle capacitive discharges. Work is in pesg to obtain a few
hundred ns, MA level current pulse which shouldsbé&able to magnetically drive metallic
flyers to high velocities or yield isentropic corapsions in metallic samples.
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Use of in-house Developed Neutron Detectorsto Assay Fissile Materials

Plutonium and Uranium based nuclear materials nedie assayed for the purpose of nuclear
material accounting, owing to strategic importaasewell as radiological safety implications.
Such characterization and assaying is also eskdatissafe disposal of nuclear waste and
safeguards against proliferation. Thus interrogaiad assay of plutonium/ uranium and other
transuranic components, the so called special aucteterials (SNM) is highly relevant for
scientific and technical research and developméntthis direction work has been carried out
both on activ&’ i.e. induced fission reactions; and passive e.esmitted radiations techniques.
In the latter, characteristicrays from fissile or fertile components and trdaughter products is
one of the well known methods but being of low gyefa few hundred keVs), these can be
attenuated and shielded by a few cm thick high Zems. Thus monitoring of the neutrons
emitted due to spontaneous fission amgh) reactions in such materials or compounds canepr
to be a simple and effective way especially folbBsed systems.

We have a long programme of preparing high seiitsitite® gas based proportional detector
systems. Such detectors have now been deployetthdopurpose of monitoring Pu content in
waste hull drums. The method involves establisleimgelation between the amount of Pu in the
hull with the neutron emission from Pu from spoetaus fission as well as froon reactions,
and the knowledge of the isotopic composition &f firel. This correlation has been established
by measurement of the passive neutron signal frieenhull drum using Hedetectors, in
conjunction with the extensive Monte Carlo simwat. A set up based on such a method has
been installellin one of the reprocessing plants.
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Introduction

Targeted cancer therapy using cancer seeking metedagged with particulate emitting
radioisotopes is being practiced for last six desad his particular therapeutic modality was
dominated by treatment of thyroid cancer usingaiadine (N&*4). Clearer understanding of
cancer biology coupled with significant advancermdantmolecular biology and biotechnology
in the last couple of decades have brought abemteandous prospect in the development of
radiotherapeutic agents for the treatment of canodrer than that of the thyroid as well as for
certain other diseased states, such as arthriies.sliccess of radionuclide therapy also emerged
from the availability of suitable radionculides large quantities and with high specific activity
for radiolabeling biomolecules targeted to receptohich are up-regulated in cancer cells.

Among the wide spectrum of radionuclides proposediri vivo therapeutic use'’’Lu has
emerged as one of the pivotal radionuclide in gheudic nuclear medicine during the last decade
by virtue of its attractive nuclear decay propestidavourable production logistics and
straightforward coordination chemistry [1-5]. Ltteh-177 decays to stabté’Hf with a half-life

of 6.65 d by emission ¢ particles with R of 497 keV (78.6%), 384 keV (9.1%) and 176 keV
(12.2%). The emission of low-energy gamma photdfhs 113 keV (6.6%), 208 keV (11%)]
enable imaging and therapy with the same radiodabpleparation and allow dosimetry to be
performed before and during treatment as well.

The moderate energy beta emission'8fu is effective in destroying small tumors and
metastatic lesions (typically less than 3 mm diametvhile sparing the surrounding normal
tissue. In this respect/’Lu is complementary t@°Y [Ty, = 64.2 h, Egmaxy = 2282 keV].
Moreover, the relatively longer half-life df Lu provides logistic advantage for shipment to
places far away from the reactors. While the phatdialf-life and energy df” emission of""Lu
are very similar to that df'l [T, = 8.02 d, Bymax) = 606 keV (89.9%), 333 keV(7.3%)y E 364
keV (81.2%), 636 (7.3%)], the emission of imageajdenma photons with significantly lower
abundance compared to that bfi offers a distinct advantage. Indigenous costetifie
sourcing of the radioisotope with adequate quaraitgl specific activity required for saturable
receptor targeting usign medium flux reactor fégilivas a challenge. Extensive optimization
studies on irradiation time, target burn-up etcally resulted a standardized protocol for
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production of""’Lu with adequate specific activity in the highesaitable neutron flux position
Dhruva reactor. Based on this protocdlLu in adequate specific activity, radionuclidic jyr
radiochemical purity is being routinely producedd aupplied to at least ten leading nuclear
medicine centres across India as a pharmaceutigakdient. Three different therapeutic
radiopharmaceuticals, namefyf/Lu-DOTA-TATE (DOTA-TATE = DOTA’-Tyr-Octreotate),
" u-EDTMP (EDTMP = Ethylenediamminetetramethyleneghonic acid).

Production of *'"Lu

Two different production strategies, namely, diredrmal neutron activation of enriched (in
178 u) lutetium target and thermal neutron activatmiched (in*’°Yb) ytterbium target leading
to the formation of"’Lu from thep™ decay of the short-lived activation proddttyb (T, = 1.9
h) have been explored in order to obtHifiu suitable for therapeutic applications, particiyla
targeted cancer therapy using receptor targetirgecs [6-8].

Production *""Lu using enriched'’®Yb as target provides no-carrier-added (NCA) form
(theoretical specific activity 40.33 TBg/mg, 1090my), however, the need of a radiochemical
separation procedure to isolatélu of >99.9% radionuclide purity as well as recoverf
expensive enrichet!®vb targets pose major impediments for its regutiization. Moreover,
irradiation of 1 mg of 99% enriched (A°Yb) Yb,Os at a thermal neutron flux of 5x¥th/cnt.s
produce only ~5.55 GBq (~150 mCi) f'Lu. Therefore reliable and sustainable large-scale
production of'’’Lu to meet its emerging global demand through &dimoute is not only
challenging but also a capital intensive task.

In BARC, production of'”’Lu with specific activity adequate for preparingeptor-specific
therapeutic radiopharmaceuticals by direct)(mpute was realized in medium flux Dhruva
reactor by using lutetium target enriched'ffLu (80% or more). Two reasons contributing to
this unique advantage are, {ifLu has very high thermal neutron capture crossigedt =
2090 b, § = 1087 b) for formation of "Lu and (ii) neutron capture cross sectiort‘3fu do not
follow 1/v law and has a strong resonance veryectosthe thermal region [9]n the optimized
protocol for production of’"Lu, Lu,O5 (84.6% enriched ih"®Lu) was used as the target.

A stock solution of the target was prepared byahssg it in 0.1 M suprapure HCI (1 mg/mL
Lu). Measured aliquot of this solution was dispehse a quartz ampoule and carefully
evaporated to dryness. The ampoule was subseqdlamiy sealed, placed inside the irradiation
can made of 1S aluminum [22 mmg) (x 44 mm (I)] and irradiated in the Dhruva at arthal
neutron flux of ~1.2x1% n/cnfs for duration of 21 d.

To sustain weekly supply of'Lu to the nuclear medicine centers, three lutetiargets are used
at three different irradiation positions receivisgnilar thermal neutron flux. Each lutetium
target undergoes thermal neutron irradiation fdueation of 21 d and is subsequently replaced
by a freshly preparetf®_u target. The 21 d irradiation period was decitbeded on extensive
theoretical calculations and practical experimemsch showed that specific activity of’Lu
would be maximum at 21 d for 1.2xf@/cnfs flux due to target burn up as shown in Fig. 1.

44




BARC NEWSLETTER

FOUNDER'’S DAY SPECIAL ISSUE 2015

Specific activity of "Lu (GBq/mg)

Fig. 1: Variation of specific activity of ""Lu with irradiation time at 1.2x10** n/cm’s thermal neutron flux

Lu-177 is produced with a specific activity of 11286 GBg/mg and high radionuclidic purity
of 99.98 + 0.05% suitable for clinical use as a rpfeceutical ingredient. Radiochemical
processing of irradiated target to convert it f8'LuCl; solution, amenable for

radiopharmaceutical preparation, is done in leadlddd isotope processing plant facility as

shown in Fig. 2 below.

Fig.2: 100 mm lead-shielded isotope processing plaior radiochemical processing
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) u-DOTA-TATE for peptide receptor radionuclide ther apy (PRRT): Peptide receptor
radionuclide therapy (PRRT) using radiolabeled dostatin analogues is a novel therapeutic
modality for patients with somatostatin receptosipee tumors. Lu-177 has emerged as one of
the most effective candidates for PRRT, which igtipalarly useful for targeted therapy of
smaller lesions owing to the small tissue penematinge off particles of'’’Lu (maximum
range ~ 2mm})5,10]. *""Lu-labeled DOTA-TATE, thé’’Lu complex of the somatostatin analog
octapeptide, TyrOctreotate conjugated to DOTA, was envisaged psomising agent for the
treatment of patients suffering from inoperable rneendocrine originated tumors over-
expressing somatostatin receptdrsLu labeled DOTA-Tyf-Octreotate {'Lu-DOTA-TATE)
(Fig. 3) was synthesized in high radiochemical tguand with maximum achievable specific
activity by varying various reaction parametgrs|.
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Fig. 3: Structure of 1"Lu-DOTA-TATE

The preparation demonstrated encouraging resuilisvitro cell binding studies as well as HT29
tumor bearing nude mice model. Subsequently, hustiaical trials of*’'Lu-DOTA-TATE were
initiated in patients suffering from various formeperable neuroendocrine originated tumors.

One of the challenges involved in carrying out éaed tumor therapy using’Lu-DOTA-TATE

is to prepare the radiolabeled agent with adequaigh specific activity in order that sufficient
activity can be deposited in the cancerous leswitBout saturating the limited number of
receptors present in the cancerous site. As theif&pactivity of *’’Lu available at the time of
preparation of the agent at hospital radiopharma@y vary considerably, it is crucial to
optimize the labeling protocol, more importantlyttwrespect to the amount of peptide, in order
that it can be prepared with high radiochemicaltpwsing minimum amount of DOTA-TATE.

Therefore, an optimized protocol for the preparatd therapeutic dose (5.55-7.4 GBq, 150-200
mCi) with maximum achievable specific activity astbility was developed in our laboratory

by extensive variation of several parametgr$]. More than 1000 patients suffering from

various types of neuroendocrine originated tumagehbeen treated in fifteen major nuclear
medicine centers across the country usifigi-DOTA-TATE prepared following the developed

protocol and usingd’"Lu activity supplied from BARC.
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Fig 4 shows the scintigraphic images of (a) patient wekroendocrine tumor having extensive
liver metastases recorded at 24 h post-administraif 7.4 GBq (200 mCi) of’’Lu-DOTA-
TATE. Available clinical data shows excellent sympatic relief for the most of the patients
who have undergon€’Lu-DOTA-TATE therapy. On the other hand, prolondelibw-up study
shows either complete to partial remission or stalidease conditions in > 60% of the patients
suffering from various kinds of neuroendcrine arged tumors in our country.

Fig. 4: A representative post-therapy whole body @inar image and SPECT-CT of liver recorded 24 h post
administration of 7.4 GBq dose of "Lu-DOTA-TATE to a patient suffering from NET with e xtensive hepatic
metastases

" u-EDTMP for palliative care of painful skeletal metastasis

Skeletal metastases or secondary cancerous lesidmsne are common in patients suffering
from breast, lung and prostate cancer in the adstage of their diseases. These metastatic
lesions in skeleton often lead to excruciating pama other related symptoms, such as lack of
mobility, neurological deficits, depression etc.high adversely affect the quality of life.
Radionuclide therapy employing radiopharmaceutidalseled with f/conversion electron
emitting radionuclides is an effective option foone pain palliation and could provide
significant improvement in quality of life of patiss. The major challenge in developing
effective agents for palliative treatment of boénparising from skeletal metastases is to ensure
the delivery of adequate dose of ionizing radiatrhe site of skeletal lesions with minimum
radiation induced bone marrow suppression. Lu-$7bnsidered as a potential radionuclide for
developing the palliative agents for bone painimgidue to skeletal metastases. The tissue
penetration range of th particles from’’Lu are adequately low which ensures minimum bone
marrow suppression, a major advantage of this tiagliapeutic application. Multidentate
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polyaminopolyphosphonic acid ligands are reportedave high affinity towards skeletal lesions
and known form stable chelates with many metalsyrtiquaarly with lanthanides.
Ethylenediaminetetramethylene phosphonic acid (EBPTNs one of the most widely used
polyaminophosphonate ligands for developing rathelked agents for bone pain palliation.
13Sm-EDTMP (Quadram@} is currently being used extensively for pain ipéithn due to
skeletal metastases. Working in this directidi,u-EDTMP complex and was synthesized and
studied with an objective to develop a suitadleu-based viable alternative 5FSm-EDTMP.

" u-EDTMP complex (Fig. 5) was prepared in high gieind excellent radiochemical purity
(>99%) and with desirablien vitro stability in our laboratory. Biological studies Wistar rats
and New Zeland White rabbits showed selective sklelgptake of the agent with rapid blood
clearance and minimum uptake in any of the majgans/tissug12]. Subsequently, the
radiolabeled formulation was evaluated in dogs wagteosarcoma and bone metastases with
favourable outcomfL3].
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Fig. 5: Structure of'’Lu-EDTMP

(@) (b) (©) (d)

Fig. 6: Scintigraphic images of’’Lu-EDTMP in (a) Wistar rat (b) New Zealand white rabbits (c) dog with
bone cancer and (d) human cancer patient with bonmetastases recorded at 24 h post administration
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1 u-HA for arthritis treatment

Approximately 2% of the adult population worldwideaffected by some form of arthritis which
is manifested in pain, joint immobility and disatyl Radiation synovectomy is a
radiotherapeutic modality for the treatment of mnetoid arthritis wherein & emitting
radionuclide is administered locally by intra-auter injection in the form of colloid or
radiolabeled particulate. Hyroxyapatite micropaesc(HA) [Cao(POy)s(OH),], regarded as one
of the most suitable carrier for applications réahthanides, have been envisaged for labeling
with *""Lu to develop a suitable radiopharmaceutical fahritis treatment. Working in this
direction,”’Lu labeled HA particles were synthesized in highigehemical purity (~99%) and
excellentin vitro stability. Biological efficacy of the radiolabelgdeparation was tested by both
in normal as well as arthritis-affected knee joiotdNistar rats [14,15]. Based on the promising
outcome these investigatons, ~20 patients havitingis in different joints such as, knee, elbow
and shoulder, were treated with 185-740 MBq do$e<’bu-HA. In the follow-up studiy, the
patients reported significant pain relief, improwedbility and almost no side effects [15].
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Fig. 7: (a) SPECT (b) CT and (c) SPECT-CT of arthitis affected knee joints of a patient recorded a4 h
post administration of 740 MBq of*""Lu-HA
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Abstract

Mechanically rugged and radiation tolerant neutrand gamma detectors are indigenously developed
for reactor control instrumentation and acceleratmea monitoring applications B lined proportional
counters of neutron sensitivity ranging from 1 opso 20 cps/nv are developed for reactor contrad a
safety applications. Boron counters capable of apeg at elevated temperatures upto 250°C are
developed for monitoring neutron flux during fuebdling and approach to first criticality at Fast
Breeder Reactor. All welded high sensitivitle proportional counter of neutron sensitivity 2§8s/nv
developed and characterized for reactor neutronx flaonitoring. For measuring the vyield of pulsed
neutron source and pulsed neutron area monitorihdpigh energy accelerators first of its kind silver
lined proportional counter is developed in cylirghi and annular shape and calibrated for pulsed
neutron source yield measurement. High pressurentmiietectors have been developed for low energy
pulsed X-ray area monitoring at high energy eleataxcelerators. lonization chambers with multiple
electrode configurations developed with enhancéigation efficiency for gamma monitoring at hotlcel
facilities and high intensity pulsed X-ray area mtoring inside shield at accelerators. Extensive
parametric optimization studies, theoretical sintidas, functional, nuclear and climatic tests hdeen
carried out on the detectors developed. Long teignad stability tests are carried out under raditi

and environmental conditions of reactor applicaiorPresent article gives brief review on the
development of above mentioned neutron and gamteatdes.

Introduction

Thermal neutron monitoring and gamma radiation mooimg is carried out in almost all nuclear
facilities for control and health and safety apgtions. Gas filled detectors are oldest and most
widely used radiation detectors which are basedemsing the ionization created by passage of
radiation through the detector. Gas filled neutaod gamma detectors are simple in design and
are mechanically rugged and therefore are useduatear reactors. Neutrons are neutral in
nature and therefore can be detected only by cgukam to interact with some target material
and detecting the charged particles produced. Tésept paper compiles the work carried out on
design development of gas filled neutron and gardetactors. The detectors developed have
innovative electrode configurations to meet chajieg requirement of special application®
lined and>He filled proportional counters are developed fleermal neutron monitoring in
reactors, silver lined proportional counters areettegped for pulsed neutron monitoring and high
pressure ionization chambers are developed for garand pulsed X-ray measurements in
reactors and accelerators.
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198 |ined proportional counters

There are strong needs of high sensitivity, highperature tolerant and mechanically rugged
neutron detectors for nuclear reactor related giecRbme such requirements are reactor start-up,
failed fuel detection and nuclear fuel reprocessimgall such requirements detectors with
neutron sensitivities ranging from 1 cps/nv to 2®/av or more are required with suitable
gamma and temperature tolerances. Boron lined piiopal counters are the most popular
choices for monitoring low thermal neutron fluxrafactors because of their high sensitivity to
thermal neutrons, better tolerance to ambient garbatkground and ease of fabrication, as
boron is non-toxic and non-radioactive and its tieacproducts are also non-radioactive and can
work in hostile reactor environment.

198 coated counters for reactor applications

Boron lined proportional counters of varying neatrsensitivities are developed for reactor
applications [1,2,3]. Fig. 1 gives the picture bé tdetectors developed and table 1 gives main
specifications. The detectors developed were cheiaed for reactor applications by subjecting
them to following functional and endurance tests.

» Functional tests: Insulation resistance, capac#amutput pulse characteristics, HV
plateau characteristics, discriminator bias charetics, neutron sensitivity, count rate
linearity over desired operation range and tesgmmma radiation.

* Endurance tests: Vibration test, damp heat agdts, temperature cycling test, seismic
tests, long term signal stability tests and né tést with HV bias “OFF” and “ON”.

(A) (B)

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

Studies were also conducted on boron coating msethlie standard geometry detectors were
developed with commercidfB powder. This boron as suspension in mineral @ik woated
manually on cathode surface and baked in an etatfurnace at temperature about 350°C and
rotating the cathode in a suitable fixture at skpeeds. A multiple dip coating method was tried
out using indigenously available boron powder. Timsthod gave flexibility of developing
boron counters with baffle structure cathode [4]ffl® structure enhanced the neutron
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sensitivity without much altering the gamma toleman The detectors developed were
successfully installed in various reactors and usednonitoring thermal neutron flux during
startup and first criticality.

High temperature °B coated counters

High sensitivity high temperatuf® coated proportional counters (HTBCCs) which cparate

at continuous 250°C environment are developed fast Breeder Reactor. HTBCCs with
sensitivity of 12 cps/nv, are required in contriigpduring initial core loading and first approach
to criticality experiments. For flux monitoring start-up range after long shutdown, HTBCCs of
neutron sensitivity 4 cps/nv are required. Figizg the picture of HTBCCs developed [5] and
Table 1 includes the main specifications. The fiomell tests and qualification tests were carried
out on these detectors at 250°C temperature arablisted the design specifications. The
challenge of operation of detector in high tempeest is overcome by advanced mechanical
design and proper selection of construction mdgerieollowing challenges were incurred in
development of these detectors to function uptd@38mperature.

» Electrical breakdown observed during thermal cyrliests: Novel anode wire mounting
technique developed [6].

» Gas leakage: Pinching tool modified, qualified anchmissioned.

» Study of detector characteristics at high tempeeatilarge number of experiments
conducted at variable temperatures and with newnohgamma sources.

Table 1: Specifications of Boron-10 lined proportional counters

Detector Out-core In-core Start-up Start-up Cold start- | Start-up
Detector Detector detector detector up FBR FBR
Cathode Oute 63 mm 13mm 34mm 30mm 54mm 25.4mm
diameter
AQ.Ode wire 25 pm diameter tungsten
iameter
Overall lengtl 930mn 330mn 450mn 200mn 1000mn 735mn
Sensitive lengt 740mn 190mn 300mn 100mn 700mn 378mn
Gas filland Ar (95%) + CO2 (5%) gas mixture at 20 cm Hg
pressure
Neutron
sensitivity 17 cps/nv 1.0 cps/nv 4 cps/ny 1.1 cps/nv 12 cps/hv4 cps/inv
Gamms
tolerance 1R/h 3000R/h 500R/h 2000 R/K 200mR/h 200R
Temperaturc 60°C 60°C 60°C 60°C 250°C 250°C
tolerance
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(A) (B)
Fig. 2: Pictureof 12 cps/nv (A) and 4 cps/nv (B) HTBCCs

*He proportional counters

All welded He proportional counters of neutron sensitivitiesging from 6 cps/nv to 235
cps/nv are developed for the first time in IndiaeTmain specifications are given in table 2 and
Fig. 3 gives the picture of the detectors. The dete are made out of SS 304 L and have all
welded robust construction for reactor environment.

The high sensitivity (235 cps/nVHe detector developed was characterized for lownthe
neutron flux monitoring in reactors [7] by subjectito following tests.

» Signal linearity: observed within £10% up to a cobrate of 30K cps.

» Gamma tolerance tests: No change in signal cotminagyamma radiation of 10 mR/h.

» Irradiation to high neutron flux: The responseltd tletector after being exposed to high
neutron flux (4x10nv) and high gamma field (about 10R/hr) was fotmbe repeatable
within £10%.

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

* nvt test: The detector performance remained staideunchanged after exposure to high
neutron flux of 1.44 x 18 nvt.

This in-house developed detector has been useithddiirst time in the country to measure the
fission power by monitoring the reactor core neufitax at extremely low power of reactor.

1

(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 *He counters

Detector High sensitivity Medium sensitivity L ow sensitivity

Overall dimensior SS Dia 54 mm X 1 r|S.S. 25.3mm OD S.S. 255mm OD
long 490mm 230mm

Sensitive dimensiol | Dia 51 mm X 908 mn| 23.8mmID x 440mn| 23.8mmID x 160mn
long length length

Gas fill 65% He3 + 35%Kr at 3.| 50% He3 - 50%Kr at 2| 50% He3 + 50%Kr at
bar (g) bar (g) bar (g)

Operating voltagc 1500V- 1800V 1500Vv-1800V 1000Vv-1200V

Neutron sensitivit 235 cps/n 25 cps/n 6 cps/n'

Silver lined proportional counters

Pulsed fast neutrons are generated in the fornhaft Hursts in many facilities such as in the
vicinity of electron accelerators, spallation s@s,cfusion experimental facilities or in plasma
focus devices. The duration of these pulses cagerbrtween microseconds to nanoseconds and
yields can range from Ifeutrons to 18 neutrons per pulse. Due to pulsed nature of the
neutrons, devices that employ conventional newesitive detectors such ‘dB lined, **BFsor

®*He filled counters cannot resolve the neutron pulaed loss in the counting efficiency is
observed due to inherent resolving time of detsctéxtensive research is undergoing to evolve
instruments to measure the yield of pulsed neutadiation. The oldest technique is utilization
of Geiger-Mueller (GM) counter surrounded by sil¥@i. To overcome the inherent large dead
time of GM counter based systems, silver lined prbpnal counters with standard cylindrical
design and annular shape were developed and cdalibreor pulsed neutron radiation
measurements. Table 3 gives the main specificatmalsfig. 4 gives pictures of the detectors
developed.

-\I COnnector

Moderator with

central cavity to

load and unload ;

pulsed neutron :

source 1 F‘mtec‘iion cap

— - ular silver lined
E portional counter
(A) ®)

Fig. 4: Pictureof 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) 26mmiID x 110mm length 235mm OD XlleSr?g:Rm ID x314mm
Anode 25u tungsten wil 25u tungsten wiis (10 nos

Neutron sensing mater | 0.025cm thick silver foil (23.6: 0.025cm thick silver foil (23.6
A (90%) + CF4(10%) at 20 cn

Gas-fill Hg A (90%) + CH,(10%) at 30 cm Hg
Insulator: Ceramir-to-metal feedthrougl Cerami-to-metal feedthrougt
Pulse« ne?;::cigcrzalibration 1.2x10neutrons/pulse counts 7.6XIfeutrons/pulse counts
Applicatior REM dose monitdng Pulsed neutron source calibral

The cylindrical detector [8] is designed to useamventional REM meter developed for neutron
dose monitoring. Thus this device can be used tasare neutron dose in pulsed neutron
radiation. The annular shape detector is devel¢Pptb calibrate neutron yield of the pulsed
neutron sources. The detector is fabricated in hatves with each half as an independent
detector. The two halves are joined together fqreexnents. The source can be placed inside
cavity of the detector. Due to annular shape, #teaor covers more tham 3olid angle of the
source hence gives enhanced sensitivity compareonteentional cylindrical detectors.

L ow energy pulsed X-ray ionization chamber

Pulsed X-rays of small duty factor are producedhm vicinity of electron accelerators due to
scattering of electrons by the molecules of thddued gas in the vacuum chambers of
accelerators which are the main constituents ofkdracind radiations around electron
accelerators and need to be monitored for persaafety. Instruments that ordinarily respond
well to the continuous radiation, fail to work imlped radiation because of high peak dose rate
delivered during the pulse exposure. Detectorsithae dead time problem such as GM counters
saturate in pulsed fields and measure one counpyise irrespective of dose. lon chambers are
most suitable, common and convenient method ofiren-kadiation area monitoring in
continuous as well as in pulsed radiation since tue simple in design, works on average
current measurement mode. These are mechanicglhed, have long life and good linearity in
signal over a broad range. The Indus-1 and Indege2tron accelerator facilities of Raja
Ramanna Centre for Advanced Technology, Indoreiregurea monitors in the working areas.
X-ray radiation suffers multiple scattering in tlaéyrinths and the shielding walls due to which
the energy in the working area can be well belo® k8V. Conventional monitors available
commercially underestimate the X-ray backgroundabse of pulsed nature of the radiation and
are not sensitive to X-rays below 100 keV. For fhuspose, a high pressure ion chamber made
of aluminium with all welded construction has bekaveloped [10] and tested for use in pulsed
X-ray background. The main specifications of the @éhamber are given in Table 4. The detector
has standard cylindrical geometry with top domepsh&he welded construction was possible
because of use of special explosion welded clagtplabtained from the Explosives Research
and Development Laboratories (ERDL), Pune, Indissleown in Fig. 5. All the weld joints have
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been subjected to pneumatic pressure tests andrhigiak tests up to T8td. cc/sec to ensure
the integrity of construction.

Aluminium

Stainless steel

" Weld joint

(A) (B)
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 diax 560 mm ht

Sensitive volume 25 ltr

Spacing between the HT and signal electrode 100 mm

Gasfill Nitrogen at 6 bar

Sensitivity 12 pA/mR/h

M easuring range 20 uR/h-100 mR/h

Energy response +12% from 35 keV to 1.25 MeV X-ray energy
lon collection efficiency 86% at 100 mR/h for 500V HV

Multi-electrode ionization chamber

lonization chambers were developed with multiplecebde geometry instead of conventional

two electrode design. Special guard rings weregdesi to define the sensitive volume and the
detector performance was enhanced for three addltdecades of range of operation. Table 5
gives the main specifications of the multi-eleceodn chambers developed for high range

gamma area monitoring at hot cell facilities andspace constrained areas. Fig. 6 gives the
schematic of the multielectrode configuration ofthirange gamma monitor and miniature

multielectrode ion chamber.

The high range ion chamber is developed [11] fdsguli X-ray background measurements at the
INDUS-I facility under normal as well as beam lessditions and for measurement of gamma
radiation during movement of intense gamma soutoe$ot cell facilities. Standard ion

chambers of identical dimensions with two electrodefiguration can measure gamma radiation
from 100puR/h to 1R/h. The detector with multieled& configuration enhances the performance
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and measures gamma radiation from 100pR/h t RM@ with more than 90% collection
efficiency for 3x16R/h gamma radiation at 500V HV.
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Fig. 6: Schematic of multi electrode configuration of ionization chamber

Table 5: Main specifications of multielectr ode ionization chambers

Detector High range gamma monitor Miniature ionrobar

Outer housing SS 178mm dia x 300mm SS 46 mm dR0xvim length
Electrode dia 162mm, 128mm, 94mm & 58mm  35mm, 25aBmm, 5mm
Spacing 15.5mm 5mm

Sensitive volume  4.5ltr 64cc

Gas fill Argon at 10 atmospheric pressure ArgohGatmospheric pressure
Sensitivity 4.6nA/R/h 8.2 pA/100 mR/h

Measuring rangd  100pR/h-1XRh 100 mR/h — 1TR/h

Summary

A wide range of gas filled neutron proportional otars and high pressure ionization chambers
have been developed for various applications. Theeatiors developed were extensively

characterized and installed at nuclear facilities €ontrol and safety applications. The

experience gained on the development and charzatien of these detectors has helped in
accurately determining the neutron, gamma and Xradiation 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 guenching of jetsin 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 lossin 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 CM S experiment

The Compact Muon Solenoid (CMS) detector operatésealLarge Hadron Collider (LHC) at
CERN is designed to see a wide range of partiahespghenomena produced in high-energy
collisions in the LHC. Though prime motivation oHC is the detection of Higgs boson, but
CMS experiment has an elaborate program to stuglyhélavy ion collisions to study QCD and
explore QGP phase. At the core of the CMS detesitora superconducting solenoid provides a
uniform magnetic field of 3.8 T. The inner trackisgstem is composed of a silicon pixel
detector and a silicon strip tracker.

Charged particles follow spiralling paths in the Sivhagnetic field and the curvature of their
paths reveals their momenta. The tracker is sudediy a lead-tungstate scintillating crystals
electromagnetic calorimeter, is designed to meash@energies of electrons and photons with
great precision. Particles that interact by thergjrforce, hadrons, deposit most of their energy
in the next layer, the hadronic calorimeter (HCAMhich is a brass scintillator sampling
calorimeter. The only known patrticles to penetfa@gond the HCAL are muons and weakly
interacting particles such as neutrinos.
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Tracker
ECAL
HCAL
Muons
Solenoid coil

Total weight 12500 t, Overall diameter 15 m, Overall length 21.6 m, Magnetic field 4 Tesla

Fig.1: The CM Sdetector with its sub detector systems

As the name suggest, CMS is designed to measureasmwidh great accuracy. Muons are

tracked in then| < 2.4 ranger(= -In[tan®/2)], where8 is the polar angle w.r.t. the beam axis)

with four detection planes made of three differeathnologies which are interleaved with the

iron yoke. The transverse momentum of the muonshedtto silicon tracks is measured with a
resolution better than 1.5%. The neutrinos escape CMS undetected, although their presence
can be indirectly inferred from the “missing traesse energy” in the event. The overall

dimensions of the CMS detector are a length of #i,&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 fantental theory of the strong interaction,
Quantum Chromodynamics (QCD)to be studied underremd temperature and
densityconditions. A new form of matter[2] formed energy densities abovel GeViris
predicted in Lattice QCD calculations. This quatlkem plasma (QGP) consists of an
extendedvolume of deconfined quarks and gluonsvyé&an collisions at the Large Hadron
Collider (LHC) are expected to produce matter agrgy densities exceeding any previously
explored in experiments conducted at particle acasdrs.

Jet momentum dependence of jet quenching in PbPb collisions

Scattering of partons (quarks and gluons) fromidioly nuclei with large momentum transfer
produce energetic particles, known as “jets”, whghsed to probe the properties of the medium
formed in heavy-ion collisions. More specificalthese higher-pjets have sufficient energy to
stand out very clearly from the background of gtticles created in the heavy ion collision.
The yields and correlations of high momentum plasi@are modified due to the energy loss of
hard scattered partons while passing through thdiume(Fig. 2). This effect is known as “jet
guenching” [3], an important signature of QGP. Jétequenching effect on partons traversing
the medium with different path lengths will lead fwdifications in the observed dijetenergy
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balance. Such unbalanced events are easy to detaatly even atthe level of event displays,

The Compact Muon Solenoid (CMS) detector at the Lisi@articularly well suited for these
types of studies. Its high-precisions calorimetng @&racking allow very accurate reconstruction
of both jets and charged patrticle tracks. Dijetdoiction in PbPb collisions at a nucleon—nucleon
center-of-mass energy of 2.76 TeV is studied vitn€MS. A data sample corresponding to an
integrated luminosity of 150b™* is analyzed.

e 14 193159 200 CEST
VAZESN

!E-_"_-'_ -

E, (GeV) Leading jet
100
80 i ira e
60 _rhael R e Subleading jet
2 A 1 70.0 GeVle
20
a
(a)
(b)

p+p A+A

Fig. 2: (a) Example of unbalanced dijet in PbPb collision event at Vsy=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-fl@algorithm. This algorithm attempts to
identify all stable particles in an event (elecepmuons, photons, charged and neutral hadrons)
by combining information from all sub-detector ®mt. The antkr sequential recombination
algorithm is used tocombine the particle-flow caladies into jets using a radius paraméler
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Fig. 3: Dijet asymmetry ratio, Aj, for six binsof collision centrality

The goal of the analysis is to characterize thesiptes modification of dijet event properties as a
function of collision centrality and leading jeatrsverse momentum. Events containing a leading
jet with pt1>120 GeVc and a subleading jet withy »>30 GeVc in the pseudorapidity range| |

<2 are analyzed. The analysis is performed in gns loif collision centrality: 0-10%, 10-20%,
20-30%, 30-50%, 50-70%, and 70-100%, the lattengb¢hhe most peripheral bin. The
centrality of AA collisions, i.e., the geometriaalerlap of the incoming nuclei, is related to the
energy released in the collisions. In CMS, certiradi defined as percentiles of the distribution
of the energy deposited in Hadron Forward calo@m@tF).

The momentum imbalance between pairs of back-t&-heis, A;, is studied with collision
centrality and leading jet momentum. Dijets areesteld withAd;,>27/3. The contribution of
background fluctuations is estimated from the ewvewith dijets of Api.,< #/3, and the
distributions obtained from these events are satatda from the results. The centrality
dependence of momentum imbalance of dijgts PbPb collisions is shown in Fig. 3, in
comparison to results from PYTHIA+HYDJET[4] Monta simulations at the same collision
energy which include the effect of underlying Pb&ent but no energy loss. The most
peripheralevents are also compared to results fspreollisions ats = 2.76 TeV, where the
same jet algorithm is used. The shape of the dighentum balance distribution experiences a
gradual change with the collision centrality, todsamore imbalance in more central collisions
than in either pp or peripheral collisions [5].

The ratio of transverse momenta of the two jetlgs studied as a function of centrality and the
transverse momentum ofthe leading jet and showhign 4. This ratio rises smoothly with
increasing leading-jettpin pp collisions. The same pattern is found in PP all centralities,
except that the ratio is systematically shifted dpire. the p of the sub-leading jet is smaller or
more quenched [5].
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Fig. 4: Averagedijet momentum ratio pr,/ pr, asafunction of leading jet pr; for three bins of collision
centrality

Jet quenching with isolated photon + jet correlations

To overcome the disadvantage of using dijet eventgtudy parton energy loss where both the
partons are traversing the medium and only diffeeem energy loss can be measured, an
alternative way is considered to study the photdreyents. At leading order (LO), photons are
produced back-to-back with an associated partor) fjaving close to the same transverse
momentum. Moreover, these photons do not stromgéract with the medium. The gpectrum

of photons, even in central PbPb events, is idelwthin uncertainties to that found in pp at the
same centre-of-mass energy. Furthermore, the gieldgh pr photons matches the prediction
based on pp data and the number of nucleon-nudsetisions for a given PbPb centrality.
Hence photon+jetis an ideal probe to study thegniesss of partons in the medium.

The first study of isolated photon + jet correlasdn PbPb collisions at a centre-of-mass energy
of 2.76 TeV per nucleon pair corresponding to an integréuminosity of 15Qb ™ is performed

[6]. Events containing an isolated photon with erse momentunp;>60 GeVc and an
associated jet Witbf’r>30 GeVc, are considered. The photon+ pdt imbalance is studied as a

function of collision centrality and compared to ggta and PYTHIA+HYDJET calculations at
the same collision energy.

The asymmetry ratiog,= pfr/p; is used to quantify the photon+jet momentum imega In
addition to the jet and photon selections, we frtimpose a stricgp;,>7178cut to suppress
contributions from background jets. To study thargitative centrality evolution of the energy
loss, the average ratio of the jet and photon #eise momentgx;,), is shown in Fig. 5(a). Here
solid red circle corresponds to CMS PbPb data & ZeV centre-of-mass energy,open black
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circle toPYTHIA+HYDJET and solid black square to mata at same centre of mass
energy.While the photon + jet mean momentum ratiohe PYTHIA + HYDJET simulation
exhibits a roughly centrality-independent value (x5) = 0.847 * Q004(stat.) toB59 =+
0.005(stat.),the ratigx;)= 0.73 + Q02 (stat.) + M4(syst.) in the most central PbPb data,
indicating that the presence of the medium, resalésmore unbalanced photon + jet pairs.

Figure 5(b) shows jRthe fraction of events containing a high-pT pimoito which a jet was also
found as a function of centrality. The valueRjﬁs also found to decrease, frcﬁj= 0.685 *
0.008 (stat.) - 98 = Q006 (stat.) for the PYTHIA+HYDJET reference, as wad pp and
peripheral PbPb data, to the significantly Ioﬂfﬁx 0.49 + Q03 (stat.) = D2 (syst.) to B4 +
0.05 (stat.) + M2 (syst.) for the three PbPb bins above 50% dégtra
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Fig. 5: (a) Averageratio of jet transverse momentum to photon transverse momentum as a function of Npgr.
(b) Averagefraction of isolated photonswith an associated jet above 30 GeV/c asafunction of Npa ¢

Z boson production in PbPb collisions

The first measurement of the production of Z bosothe 'y decay channel is performed in
PbPb collisions at 2.76 TeV energy with the CMSedetr at LHC with 7.2ub™ data sample
[7,8]. Dileptons from Z decay, lose negligible egpein the strongly interacting QGP medium.
Therefore, Z boson ideally suited to serve as @ndl study the initial state in heavy ion
collisions.

At 7 TeV pp collisions, the production of Z bosean well described by higher order
perturbative QCD (pQCD) with recent parton disttibn functions (PDFs). The PDFs however
get modified in nuclei and depletion of Z bosondils expected as much as 20% due to nuclear
shadowing of PDFs. Precise measurements of Z ptiodua heavy ion collisions can therefore
help to constrain nuclear PDFs.
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The dimuon invariant mass spectrum is shown in &ig-hirty-nine Z candidates are observed in
the mass interval of 60-120 Ge¥/d@heir distribution is consistent with the onerfrthe pp data
at 7 TeV with CMS, scaled down to 39 counts andtdithto the 60-120 GeVanass range,
which is displayed by the histogram in Fig. 6.
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Fig. 6: Dimuon invariant mass spectra Fig. 7: Theyieldsof Z to u'p per event: dN/dy divided by
the expected nuclear overlap function T,g and asa
function of event centrality parameterised asthe
number of participating nucleons Npq.

The yield of Z-uu” decays is estimated from the number of dimuonsiteslin the mass
window of 60-120 GeVfcand found to be dN/dy (|y|<2.0) = (33&:5+ 4:4) x 10°, where the
first uncertainty is statistical and the secondsystematic. The analysis described above is
repeated after subdividing the data into three lbimseach of the following variables: event
centrality and Z boson y ang.prhe total systematic uncertainty does not vagpificantly with
these variables and is considered to be constand@minantly uncorrelated.

Without the in-medium modifications, the productiohZ boson from perturbative processes,
supposed to scale with the number of incohererdrpiollisions. To compare the measured
yield in PbPb to the available pp cross-sectionss iscaled with nuclear overlap factogsT
which is estimated from Glauber model. The fultkds in Fig. 7 show the centrality dependence
of the Z yield divided by Ag, while the open square is for MB events (integtateld). The
variable used on the abscissa is the average nushiparticipating nucleons J\ computed in
the same Glauber model. No centrality dependendbeobinary-scaled Z yields is observed in
data.

The normalized yields (dN/dy)AE are compared to various theoretical calculatioby:uging
the nucleon CT10 pusing MSTWO08 PDFs and modelimgriting parton energy loss, and (3)
provided by the POWHEG generator interfaced wite B\YTHIA parton-shower generator
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using CTEQ6.6 PDFs. Within uncertainties, no modtfon is observed with respect to
theoretical next-to-leading order perturbative quan chromodynamics proton-proton cross
sections scaled by the number of elementary nuahecteon collisions.

This measurement establishes the feasibility afyoag out detailed Z physics studies in heavy-
ion collisions with the CMS detector. With upcomiRgPb collisions at higher luminosity and
higher energy, the Z boson promises to be a powesfarence tool for final-state heavy-ion
related signatures as well as providing a meanstidy 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 gection/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 gection of
Soecial Sealing plug may result in gross leakage of heavy water coolant. A special |eakage
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 anartgnt activity during shutdown period of the
reactor. This is necessary to provide assurancatahe structural integrity of the reactor for
continued operation. The inspection is done with hlelp of an inspection Head that houses a
variety of NDE sensors. The pressure boundary efréactor is penetrated from outside dry
environment to drive the inspection Head inside wie¢ environment of coolant channel. This
necessitates use of a Special Sealing plug thaatantral sealed opening through which the
drive links can be inserted. The Special SealinggPPémains installed in the End Fitting of the
coolant channel while the Inspection Head is driviside the coolant channel.

We visualize an event of accidental ejection ofcgeSealing Plug that will expose the entire

bore (full bore) of the coolant channel resultingai gross leakage of heavy water. A loss in the
capacity to remove the decay heat from the fuetilmsdue to loss of coolant may have serious
consequences and hence there is a strong requireshearresting the leakage as soon as
possible.
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Coolant Channel in a PHWR (CANDU Type Reactor)

An Indian Pressurized Heavy Water Reactor consibt306 coolant channels in a 220 MWe
Indian PHWR reactor core. There are 392 fuel chigrinea 540MWe Indian PHWR.

A typical coolant channel assembly has an inletamdutlet connection for coolant heavy water
at the north and south ends. A schematic givenwbslwows the general layout of the coolant
channel and inspection system while doing in-serinspection. It shows a Special Sealing Plug
installed at one end from where the Inspection Healdiven inside the coolant channel.

Scheme and Layout of Inspection
Special Sealing Plug (with a
central sealed opening for
inserting drive link

| Bncd Frzl Calandria | Erd

End Fifin
Shield Chennel Tihe FECE BT,

==

Fiting | Rolledd | Sz Head | Drive
Toint | Hbavy o s Extension
I Water = Links

Fig. 1. Coolant Channel Schematic for In Service Ispection

This is a typical layout of the coolant channeleassly of an Indian Pressurized Heavy Water
Reactor. The Special Sealing plug (shown as blattk dlock on the right end of the assembly)
has a central opening through which the drive esitenlinks are inserted penetrating the
pressure boundary from dry environment outside.

Inspection Head and Special Sealing Plug

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

channel for inspection.
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Penetration of Pressure Boundary for In-Service Ipsction

The Inspection Head rear end is a stainless stbelwhich passes through the central opening in
the centre of the Special Sealing Plug. This rewt ef the Inspection Head penetrates the
pressure boundary and is connected to the BARG® distem placed in dry vault area (Drive
system is placed on the Fueling Machine bridge).

The in-service inspection system consists of follmy

1) Inspection Head ( ref.[2]): Carries ultrasonic &uty current sensors for measuring critical
coolant channel parameters.

2) Special Sealing Plug: With a central opening (veigtals) for pressure boundary penetration,
the Special Sealing Plug forms critical part of Wiele inspection scheme.

3) Drive Extension Links:The drive extension linksndnspection Head’s rear end with the
BARCIS Drive System. Multiple extension drive linkee required as the drive system has a
limited linear stroke

4) Drive System:BARCIS drive system pushes the Inspedtead linearly with extension
drive links passing through the seals of Specialig plug.

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

Inspection Head and Special Sealing
plug installed in the End Fitting of
the coolant channel

Fig. 2: Special Sealing plug and Inspection Head stalled

Exposed End Fitting with a jej}, of leakage coolant
Ejection of Special Sealing Plug as visualized

Fig. 3: Gross leakage due to accidental ejection &pecial Sealing Plug
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In the visualized event of ejection of Special 8gpplug gross leakage may occur because the
end of the coolant channel will be left exposedhwib means to block the flow. There are no

fuel bundles in the coolant channel when the iniserinspection is taken up and hence the

bore will be fully exposed as shown in Figure 3hotligh the Special Sealing plug design and

installation methodology is extremely strong inesafstallation and operation, emergency

preparedness is necessary from comprehensive séd@iypoint.

Key Design Features of Quick Acting Leakage ArregtiDevice

Following are theékey design features of the ‘Emergency leakage Arresting Device’.

. Semi cylindrical shape / design of the Primary cormgnt of leakage arresting device
. Use of the ‘End Fitting Collar’ feature
. Special Ball valve attachment with End Fitting 18a8ng arrangement

The construction of this device is discussed devohg.

The innovative use of sendylindrical shape (half cup design) enables simple and quick
installation of the device on the coolant channedl EEitting. The design makes it possible for
mounting or placing the device from top while stagdsideways.

Semi cylindrical shape of the primary component ofthe Device

This helps the operator in avoiding facing theofetvater head-on. The primary component has a
half cup shape on the front side and full cylindethe rear side which has internal threading.
This internal threading is used for assemblingiihveall valve attachment (see Fig 7 and Fig.8).
The assembly can be manually installed onto the Fttichg by a single person for arresting the

gross leakage.
Pramy Component - Collar in the semi-cylindrical portion
of the device is suitable to the End- Fittingollar
Ball valvatachment with
End Fittingp Sealing Arrangement

End Fitting Clalr

Fig. 4: A representation of the design of the Devic
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In the snap-shots shown below it becomes clear thewdevice is placed onto the End Fitting
collar from top.

Suitableeptin the device

Collar of End Fitting

Device placed on End Fitting collar

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

Semi-Cylindrical Feature

Threaj on the Internal Diameter

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

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

Handle for holding This path is sealed
’ permanently with a sealant

e b —
0'ring Hreading

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

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

This path is sealed permanently with a sealant

End Fitting1D |/

£
Threadingin the attachmént Ball Valve Ball vah‘eé::achmmis rotated to
thread in the O ring inside the End
Finting ID and seal the leakage path
there

Fig. 8: O’ring enters inside the End Fitting ID,components butt with E-face
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A representation of the entire assembly is showthenfollowing model. The operating lever for
rotating the ball valve attachment (that has amii@j to enter the End Fitting ID) is at the end of
the ball valve (lever shown in blue green color)mhy be noted that while placing the device
onto the End Fitting collar and threading in th# alve attachment the ball valve ntube kept
open to vent off the water. Once it is ensured @ating has entered the ID of the End Fitting
(components butt) the ball valve can be closeds Wil completely arrest the leakage. Entire
process of performing this operation takes abousd€bnds for a single person to arrest the
leakage completely.

leverto close the boll vaive Ball
valve is closed after ensuring that 0
ring has entered the End Fitting

Ball Valve
Attachment /

Lever to rotate
and thread in
the ball valve
attachment

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

Testing and Qualification

The device was tested extensively for arresting ltag&age in the simulated conditions. An
experiment test set up was used to simulate thectsglitions. During testing the coolant
channel was kept completely empty as is be the paske in-service inspection of coolant
channels. It takes about 10 seconds to completebst the leakage. Following results have
been noted.

The estimated worst leakage rate in the event uddeussion is below 400 liters per minute
(in 220 MWe as well as 540 MWe PHWRSs). The devgsditable for arresting such leakages
comfortably and very quickly (within 10 seconds).

Leakage Arresting Exercise & Estimated Worst Leakagates
Fig.11 shows the facility where the leakage is $atmad and the exercise to arrest the leakage

was taken up. A 9-channel lattice simulation idtidoi simulate the conditions at the reactor site.
The central channel was provided with the leakéme bf the order mentioned in the Table 1.
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Table 1
Sr. No. | Simulated Flow Pressure in Coolant Remarks
Rate Channel after installation
(litres per minute- of Device and arresting of
LPM) the leakage completely
1 500 13 Kgflcm2 Device installed & leakage arregle
completely( by a single operator)
2 1000 13 Kgficm2 Device installed & leakage arre=d
completely(by a single operator)
3 1500 13 Kgficm2 Device installed & leakage arresd
completely (by a single operator)
4 2000 13 Kgflcm2 Device installed & leakage arre=d
completely (by a single operator)
5 2500 Device difficult to install due | Not easy to install due to heavy outflow
to heavy outflow

The exercise was carried out by the personnel pitbper wearing gear required in the
emergency situation in the accidental conditiorsinkated worst gross leakage in the event of
ejection of Special Sealing plug for a 220 MWe PH\WgRabout 250 liters per minute. For a
540MWe PHWR the estimated worst leakage rate israr@50 liters per minute. Following are
the pictures of the exercise taken up at the lealsagulation facility. These pictures show the
operations to arrest the leakage.

Water jet-stream coming out of coolant channel Leakage arrested completely

Fig. 10: Leakage Simulation F8g11 & 12: Operating the device and arresting thieakage

It may be noted that the operator does not hatacethe leakage water straight-on (see Fig.11).
Leakage can be arrested standing sideways. Theed&viplaced from the top onto the End
Fitting collar and installed by rotating the balllve attachment till components butt - followed
by closing the ball valve to arrest the leakage gletely. In Fig.12 the component is completely
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threaded in and then the operator has closed thevale that has arrested the leakage
completely.

Fig. 13: Quick Acting Gross Leakage Arresting Devie

Leakage of the order of 2000 liters per minute vétline pressure up to 13Kgf/énsan be
arrested comfortably by using this device. It tald®ut 10 seconds to arrest the leakage
completely.

Comprehensive Safety

This design is the inspiration behind a seriesddfiteonal devices for attending to different types
of accidental leakage scenarios. Coolant Chamseleiction in Indian PHWRs is now equipped
with safety devices based on this design. Thistgafethodology has been implemented at all
Indian PHWR sites during shutdown ISl activity.

Conclusion & Acknowledgements

The ‘Quick Acting Leakage Arresting Device’ hastical contribution in generating enhanced

confidence in plant crew for ensuring safety adaiascident leakages during in-service

inspection. This device is also known as ‘Full Boeakage Arresting Device and it takes about
10 seconds to arrest the leakage completely.dhigitegral part of contingency measures at all
PHWR sites in India during shut down In-Servicepkation activity.

This design was awarded patent in Canada and Sauda.
A number of other designs which are ‘End Fittingduntable are inspired from this work.

Authors are thankful to the support of Bhabha Ammiesearch Centre and Nuclear Power
Corporation of India Ltd. in this development.
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Abstract

The applied physics division, BARC is involved in various research and development activities
related to under standing of high pressure and high temperature behavior of materials. Using gas
gun we have carried out a number of shock wave experiments in various materials and examined
their response to rapid loading and unloading. These experimental studies required development
of various sophisticated diagnostic techniques, the optical interferometry system named VISAR is
one of them. This instrument developed by us indigenously has been used to measure the
particle/free surface velocity history of target material during high strain rate loading. This
instrument capable of measuring velocity in the range 100 nvs to 5000 nv's with time resolution
of a few nanoseconds during few microseconds shock compression process has been integrated
with the gas gun at our laboratory and isin continuous use for measurement of the yield strength
and fracture strength of many important materials e.g. aluminum alloys Al2014-T4, Al2024-T4,
SS304, alumina ceramics etc., subjected to impulsive loading with strain rates of ~ 10%/s. Apart
from experimental work, we have carried out theoretical investigations on various important
materials, e.g. thorium, uranium carbide, Ti, Zr and Hf, osmium and LiH using ab-initio band
structure method. In these materials, we have examined structural stability and determined
equation of state under high pressure. For example, on thorium our theoretical analysis suggests
that the fcc phase transforms to bct structure at 67 GPa (experimental value is 70 GPa) and this
transition is driven by softening of the tetragonal shear modulus. Also, we have theoretically
determined the thermal expansivity and melting of thorium at ambient pressure.

Introduction

The high-pressure research has contributed significantly to modern science and technology.
Discovery of various important pressure induced phase transitions, determination of the high
pressure equation of state (EOS), shock Hugoniot (pressure-volume, pressure-temperature
relation obtained from shock compression), pressure dependent elastic constants and strength
properties of materials have been proved very useful in both applied and basis sciences. For
example, in applied science, the high pressure EOS, shock Hugoniot, elastic constants and
pressure induced phase transitions serve as key inputs for hydrodynamic codes used for
simulation of various situations such as reactor accidents, effect of missile attacks or meteorite
impacts on installations and geological media, fission/fusion energy systems and analysis of
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many problems pertaining to geophysics, astrophysics, planetology. For such applications, in
addition to these properties the mechanical properties such as yield strength and fracture strength
(hence elastic constants) of materials in the negative pressure regime also become important
because in each of the above mentioned events the high compressive stresses generated in
materials are always followed by high tensile stresses. In basic sciences the knowledge of high
pressure EOS, shock Hugoniot, elastic constants and pressure induced phase transitions has
played an important role in understanding various aspects of the physics of materias.

The high pressures in materials can be generated by two ways, namely, static compression
technique and shock compression technique. In static compression method the sample placed
between the two anvils of a hard material is compressed by pressing these anvils against each
other [1,2], however, in shock compression, the sample gets compressed by high pressure pulse
of microsecond duration generated by a rapid release of high energy into a small region [3,4]. In
the static compression technique [1,2] the material is squeezed slowly, hence, temperature inside
the sample during the experiment remains constant i.e. the static compression is an isothermal
process, however, the rapid compression of materials under shock loading is accompanied by
rise in temperature and entropy.

As far characterization of material subjected to high pressure is concerned, the x-ray diffraction,
neutron diffraction, Raman scattering, IR scattering and Brillouin scattering [2, 5-7] are some of
the commonly used microscopic techniques. In case of shock compression of materialsit is quite
difficult to perform in-situ microscopic measurement due to very short duration of the pressurein
the material, however, time resolved measurements of some continuum properties such as such
as particle velocity and stress are possible with application of diagnostic techniques such as
optical velocimetry and piezoresistive gauges [8-10]. These measurements in conjunction with
mass, momentum and energy conservation equations can be utilized to derive information about
various physical and mechanical properties of materials subjected to shock loading.

In addition to experiments, modern density functiona theory based ab-initio electronic band
structure calculation methods are aso used for understanding the response of materials under
high pressures [11-18]. The modern ab-initio theoretical methods which can calculate the total
energy reliably and accurately for any kind of strain, have facilitated the theoretical
determination of pressure induced phase transitions, high pressure EOS, pressure dependent
elastic constants and mechanical properties of the material in compressive as well as in negative
pressure regime [11, 12, 19, 20]. Due to the increased accuracy and precision in calculating the
total energy, the modern band structure methods have got even predictive capability on pressure
induced phase transformations [12, 21, 20]. The theoretical methods have been proved to be very
useful tool in circumstances when configuring a well defined experiment becomes difficult due
to limitation posed by the instrument used for pressurization or undesirable properties of the
sample. For example, osmium metal which exhibits extreme hardness, brittleness and toxicity is
very difficult to fabricate in well defined shape and size due to which it is not possible to perform
controlled shock wave experiment on it. In past few years, we have developed various
diagnostic techniques for shock wave experiments and used them to examine the response of
materials to high strain rate compression and tension [23-25] generated in plate impact
experiments carried out in gas gun. Apart from experimental work, we have carried out ab-initio
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electronic band structure calculations on various materials to examine their high pressure and
high temperature behaviour. Highlights of few of the experimental and theoretical studies
performed in past few years will be presented in this paper.

Development of VISAR instrument

The velocity interferometer system for any reflector (VISAR) is one of the important diagnostic
techniques used in shock wave experiments. We have developed this instrument indigenously
and integrated with the single stage gas gun existing in our laboratory at BARC [26]. Fig. 1
displays the photograph of thisinstrument.

Fig.1: Photograph of VISAR instrument

This instrument is essentially a wide angle Michelson interferometer used for measuring the
Doppler shift of the monochromatic light from a laser (in our case A = 532 nm) &fter it gets
reflected off the free surface of the moving target [9, 10]. A fiber optical arrangement directs the
laser beam to the target and transports the scattered light signal into the interferometer.

The interferometer beats the light signals reflected from the target at the two different instant of
time separated by the delay (7 ) decided by the length of the etalon in one of the leg of the
interferometer. The interferometer signal isfed to the photomultiplier tube, the output of whichis
recorded in a digital storage oscilloscope. The free surface velocity and the interference fringe
shift due to free surface motion are related as:

U f{t —fj = Ao £
2) 2r (1)
Where, F(t) is the fringe count as a function of time. This recorded fringe shift pattern is used to
derive the free surface velocity history of the target material. The free surface velocity profile so
derived contains several features related to the dastic to plastic transition, phase transitions and
tensile fracture strength at high strain rates.
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M easurement of yield strength and spall strength of aluminium alloys

As mentioned in the starting paragraph, the yield strength and fracture strength of materias are
of practicad importance. In many situations such as hypervelocity impacts and armor
applications, the generated strains are dynamic in nature with strain rates in the range ~ 10%/s to
10”/s. For such high strain rates, the yield strength and fracture strength are different than those
in static measurements.

So it is essentia to determine these properties under high strain rates. We have carried out
measurements of these quantities in various materials such as alloys of aluminium, SS304 and
alumina ceramics in plate impact experiments carried out using gas gun [23-25]. For example,
Fig. 2 (left panel) shows, the free surface velocity history of Al2014-T4 aloy of duminium
measured in shock wave experiments carried out at three different impact velocities of 180 nv/s,
290m/s and 500m/s, respectively [25].

600 : : , 2 . T .
500 L Vp=500 m/s | 15
400 | —_
i ©
2 D_ 1 —
E 300} o ir = 1
> 200l o’ 05
100 |k
0 1 1 1
0 1 15 2 2.5 3
2 0 2 4 6

: 4
Time (us) € t (x10°7s)

Fig.2: Free surface velocity history of Al2014-T4alloy measured for three impact velocities (left panel). The
spall strength of Al2014-T4 alloy as a function of strain rate (right panel)

The stress opg. corresponding to Hugoniot elastic limit, tensile stress os just before the spall
fracture and yield strength Y from measured free surface velocity history in different
experimentsis derived using following expressions [24]:

1
OneL = EU H P0G & = ;Ail(:- 2
1 AU 1
0, ==AU p,C A P 3
sT5 1s20Co &, oY, G, 3)
1-2v)
Y=0p, —

Here ¢, and ¢, are average strain rates corresponding to Hugoniot elastic limit and spall fracture.
The, U, is free surface velocity at o, . The 4t; is the time taken for free surface to reach a
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velocity of U,,. The AU ,c,,c, and v correspond to pull back velocity of free surface, bulk

sound speed, longitudinal sound speed and Poisson ratio, respectively. The pull back velocity is
defined as U, —U, whereU ; isthe peak free surface velocity and U , is free surface velocity

just ahead of spall pulse. The 4t; is the time taken by the free surface to retard from the peak
velocity U, to U ..

Table 1 lists the value of peak compressive stress Oimpact, Stress corresponding to Hugoniot elastic
limit and tensile stress just before the spall fracture. Also, displayed are corresponding average
strain rates. The Table also shows the yield strength Y derived from the Hugoniot elastic limit.
For comparison, also listed are the yield strength and ultimate tensile strength measured under
guasi-static loading conditions. It is clear from the Table 1 that the effect of strain rates is to
increase tensile fracture strength of A12014-T4 alloy significantly.

Table 1: The dynamic yield strength, spall strength and corresponding average strain rates
measured in the Al2014-T4 alloy in the present work. A comparison also made with data
measured under quasi static loading conditions

Properties High strain rate loading impact Quas static

velocity Vp (m/s) values
500 290 180

Oimpact(GPa) 3.61 213 132

O'HEL(GPa) 0.79 0.77

¢, (shx10" 9.4 3.6

Y (GPa) 0.400 0.395 0.355

04(GPa) 111 097 087 0.511

£ (sHx10" 241 159 136

This increase in tensile fracture strength at high strain rates is associated to the overstressing
caused by rapid loading due to the slow response of material flaws to the loading. As displayed
in the Fig. 2 (right panel), the increase in spall strength with the impact velocity is more or less
linear at least up to impact velocity of ~500m/s. Though, the yield strength at high strain ratesis
slightly higher than the value measured under quasi static loading, it do not display significant
increase with strain rates at least up to strain rates of ~9.4x10%s. The similar results have been
obtained in another alloy Al12024-T4 of this metal.

Thorium having fcc structure is the first element of the light actinide series and it occurs
naturally as fertile material besides natural uranium. Like uranium, Th**? can be transmuted in to
nuclear fuel by absorption of slow neutrons, where the U?*® formed after nuclear reactions acts as
fissile material. A good understanding of the response of thorium to high temperatures and high
pressures is an important need for its efficient conversion to fissile material in fast reactors and
for the analysis of its behavior under extreme conditions in severe accident scenario. For
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conversion of thorium to fissile U%, the thorium blanket in the fast reactors needs to maintain its
shape and integrity under high temperatures, therefore, the knowledge of its therma expansion
behaviour and melting property is very useful. Further, for accident analysis of the advanced
nuclear power systems, the behaviour of thorium under rapid pressurization is an essential input.

In view of the technological and academic importance of this metal, we have determined thermal
expansivity, therma vibrations and room pressure melting of thorium employing the first
principles method [27]. Further, the structural stability under pressure, isotherm and shock
Hugoniot, have also been determined [28]. In order to derive thermal expansivity, the
theoretically calculated potential energy has been fitted as a quasi-harmonic function of fourth
order in interatomic spacing. The average therma displacement <u> =<r-ro> is then obtained
using Boltzmann distribution function [27]. Here r and rp is Wigner Seitz radius a any arbitrary
volume and at equilibrium volume. The linear thermal expansion coefficient (o) is then obtained

usin exrcuiona—la<U>
eSS =—
9P r, OT

The value of a obtained from temperature derivative of <u> is 1.427x10°/K as compared to the
experimental value of 1.23x10°/K [29]. Fig. 3 shows the reduced lattice constant (a(T)/ag) O
determined as a function of temperature. Also plotted is the experimentally measured data of
Lawson et a. [29]. The theoretical values of reduced lattice constant at different temperature

agree reasonably well with the experimental data. The mean square vibrational amplitude <u®> at
2
a given temperature has been determined using expression <u?® >= 3

within Debye Model

mk,6°
1.04 —— — E—
| e Experimental data(Lawson et al. 2000)
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Fig.3: Reduced lattice constant of fcc thorium as a function temperature

The Debye temperature (8) has been evaluated from volume dependent el astic constants obtained
by finding the second order derivative of potential energy as a function of corresponding
distortions[27].

Fig. 4 displays the mean square vibrationa amplitude as a function of temperature. Also, plotted
is the same derived from neutron diffraction experiments carried out by Lawson et al. [29] at
various temperatures.
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Fig.4: M ean square atomic displacement for fcc thorium as a function of temperature

The agreement between theory and experiment is quite well. Further, the melting point of
thorium is determined using Lindemann melting criteria, which states that a solid will melt when
the ratio of the square root of the <u®> with the equilibrium interatomic distance exceeds certain
fraction (Xn). The value of this parameter for actinides has been reported to be ~ 0.083 from
experiments [29]. Our calculations show that this value of x, will occur at T= 2234 K,
suggesting that the thorium will melt at this temperature, which agrees with experimental value
of 2120 K within ~10%.

In diamond anvil cell experiment, Vohra et al. [30] have reported that thorium undergoes fcc to
bct phase transition at ~ 70 GPa. The later calculations by Rao et al. [31] reported this transition
to occur at ~ 80 GPa and related it with transfer of spd electrons to initially unoccupied f level.
To understand the behaviour of this metal in more detail and to understand its response to high
strain rate compressions generated by shock waves, we have carried out detailed theoretical
analysis using first principles method.

The total energy calculations have been carried out at various unit cell volumes in bct cell. At
each volume the c/a ratio of bct cell is optimized and the corresponding minimum energy is
obtained. Up to the V/V, of ~ 0.61 (corresponding pressure ~ 67 GPa) it has been found that the
optimum c/aratio is ~ 1.414 and above this compression the optimum c/a ratio starts increasing
and continues to increase till it reaches the maximum vaue of ~ 1.63 at V/Vo ~ 0.47 with
corresponding pressure of ~ 169 GPa.

This theoretical analysis suggests that fcc to bct transition in thorium starts at ~ 67 GPa and
completes at ~ 169 GPa. The theoretically optimized c/aratios along with experimental data [29]
have been plotted as a function of compression in Fig.5. The theoretically derived pressure
dependent elastic moduli have also been plotted in the same figure. As can be seen from the
figure, the shear modulus C'displays anomaous behaviour as it starts softening around the
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trangsition point and continues to decrease till it vanishes at V/V~ 0.51. This indicates that the
fcc to bet transition in thorium under high pressureis shear driven.

1.70

Theoretlcal cla (present Work)
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Fig.5: Elastic moduli of thorium and equilibrium c/aratio as a function of specific volume
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Fig.6: Comparison of theoretically deduced shock Hugoniot for thorium with available experimental
Hugoniot data [32].

Finally, the O K calculations have been utilized to derive the 0 K isotherm, which after adding
the thermal corrections has been used to derive the shock Hugoniot and 300K isotherm. In order
to derive Hugoniot from 0 K isotherms, the thermal corrections have been used in conjunction
with the Rankine Hugoniot condition. The Hugoniot so derived is displayed in Fig. 6. Asisclear
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from the figure the theoretical Hugoniot displays reasonably good agreement with experimental
data[32] and theoretical values from other sources.

Summary

To summarize, in this paper we have presented the diagnostic technique VISAR developed in
our laboratory at BARC. Using this technique in plate impact experiments carried out employing
gas gun, we have measured various important mechanical properties such as yield strength and
fracture strength of aluminum alloys subjected to high strain rate loading and unloading. This
development has facilitated the measurement of various mechanical and physical properties of
materials subjected to to high strain rate compressive and tensile loading. In theoretical front, we
have developed capability of analysis of structural and elastic stability and generating equation
of state of materials from first principles. For example, in thorium, we have determined high
pressure induced phase transitions and pressure dependent elastic properties. Also derived are the
isotherm and shock Hugoniot of this metal. Apart from this, we have presented our results on
theoretical determination of room pressure thermal expansivity and melting of thorium.
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Growing energy demand worldwide has directed retean renewable energy sources.
Semiconducting materials both in bulk and nanofehmwed immense potential in photovoltaic
and thermoelectric applications [1,2]. However,gandies of bulk materials can be improved by
tailoring the size and shape of the material eithehe form of colloidal solution or thin films.
Controlling the size of materials facilitates tugialectronic, optical, magnetic properties, etc.
[3]. Such types of tunable semiconducting matereis of great interest in technological
advances.

A wide range of methods for the preparation of maakerials and for deposition of thin films
have been evolved over the years. The synthetics iy the preparation of nanomaterials
involve physical (top-down,eg. ion sputtering), chemical (bottom-upg. solvothermal
synthesis) or hybrid methods.

Although there are number of routes available fer preparation of nanomaterials and thin
films, single source molecular precursor route éragrged as a versatile method which can be
used not only for the synthesis of phase pure anbwly distributed materials but also for the

deposition of thin films using aerosol assistednaical vapor deposition (AACVD) method.

Single sour ce molecular precursorsfor I-VI nanomaterials

For I-VI materials, novel tetrameric copper, [CuffEG(R-3)N}]4 (E/R = Se/Me or Te/lR; R =H
or Me) [4] and hexameric, [M{Sefi(Me-4,6)N,}]s (M = Cu, Ag) complexes using
pyridyl/pyrimidyl chalcogenolate ligands have besmthesized and characterized structurally

[5].

Structural analysis revealed that the complexes{HCsH3(R-3)N}]4 are tetrameric in nature
where each copper atom lies at the vertex of ttraitedron and each face of the tetrahedron is
capped by the bridging pyridylchalcogenolate ligan8imilarly, the structures of
[Cu{SeCH(Me-4,6pN,}] 6.H,O and [Ag{SeGH(Me-4,6}N,}] 6.6MeOH.H,O (Figure 1)
revealed that the respective metal centre adofuirtkdl tetrahedral and trigonal geometries.
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Fig. 1. Crystal structures of a) [Cu{SeC4H(Me-4,6),N,}]6.H,O and b) [Ag{SeC,H(M e-4,6),N}]¢.6M eOH.H,0.

The tetrameric copper complexes have been usatdm®ynthesis of copper chalcogenide (CuE)
nanoparticles and for deposition of thin films byA@VD. Depending on reaction conditions,
thermolysis gave both stoichiometric and non-stoicietric copper chalcogenides. For instance,
thermolysis of [Cu{Se€Hs(Me-3)N}], in TOPO and HDA/TOPO at 170 and 15C,
respectively afforded cubic phase of /Se spherical (average diameter 125 nm) and cubic
phase of CugSepolygon shaped nanoparticles, respectively. Theéoprecursor has also been
used for the deposition of orthorhombic phase ofSguthin films at 400°C using AACVD.
Thermolysis of [M{SeGH(Me-4,6bN2}]s (M = Cu or Ag) in DDT (1-dodecanethiol) at 180
afforded cubic phase of €sie;and orthorhombic phase of A8g, respectively.

Single sour ce molecular precursorsfor I1-VI nanomaterials

Synthesis, characterization and properties of llsémiconductor nanostructures have been
probed and reviewed extensively [6,7]. Accordinglywide range of synthetic routes have been
developed for utilizing their potential. Of thenmge source molecular precursor route delivers
monodispersed and phase pure materials.

Several single source molecular precursors forllindterials have been designed and studied by
spectroscopic techniques using different ligandtesys. Dithiocarboxylates of zinc triad,
[M(S2CAr),] (M = Zn, Cd, Hg; Ar = Phenyl or Tolyl) and [M{EAr),(tmeda)] have been
synthesized and used for the preparation of phase metal sulfide quantum dots under
different pyrolytic conditions [8]. HgS nanopar#sl could be isolated at low temperature (57
°C). Different phases (cubic/hexagonal) can beiobtbunder different experimental conditions.
Similarly, a range of precursors for metal selesideave been developed. Among them
monomeric metal selenocarboxylates, [M(SeCQ@meda)] containing easily cleavable C-Se
bond help in the formation of metal selenides at kemperatures [9]. For instance, HgSe
nanoparticles of uniform size and shape have besmaped in good yields at room temperature.
Another family of single source precursors of theet [M(Se(CH),.NMe,),] (M = Zn or Cd for
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n =2; M = Zn, Cd and Hg for n =3) have been dewvetbpsing internally functionalized
selenolate ligand, [Se(GHNMe;y),] [10]. Phase pure and luminescent CdSe (Figuspiantum
dots have been prepared by pyrolysis of [Cd(S£ZHNMe,),] in coordinating solvents.
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Fig.2.a) Absorption and b) emisson spectra of CdSe nanoparticles obtained by thermolysis of
[Cd(SeCH,CH,NMeg,),] at 187 °C in HDA/TOPO recorded at 4, 6 and 30 minutes of preparation

In addition to above complexes, a number of prexsrsvithout M-E linkages have also been
developed as chalcogenolates of zinc and cadmiten dfydrolyze by atmospheric moisture or
polymerize on ageing. Accordingly, heterocyclic eligmides and ditellurides with nitrogen
donors such as (EBsN), (E = Se or Te) have been utilized to synthesize aimd cadmium
complexes where nitrogen atom of the ligands coattdito the metal atom [11]. Thermolyses of
the resulting complexes yield metal chalcogenides.

Unlike group II metal sulfide and selenide nanomalg synthetic routes for analogous
tellurides are relatively unexplored due to theficdty in obtaining phase pure products.
Recently, we have prepared [Hg(TefHH,NMe,),] and utilized for the preparation of undoped
and doped HgTe quantum dots by pyrolysis of [HggCTH,NMe,),] in HDA at ~100C in the
size range of 5-10 nm [12]. Although doping of Hgi§ea challenging problem due to labile
nature of Hg-Te bond, a paramagnetic ion tfirin the HgTe lattice could be introduced
successfully. The Mn doped HgTe nanoparticles sieo@magnetism at room temperature.

Single sour ce molecular precursorsfor 111-VI nanomaterials

The 11I-VI chalcogenides find applications in solarell absorbers, opto-electronics,
photodetectors and photovoltaic devices. AmongVllimaterials, indium chalcogenide have
received considerable attention due to their phataic properties. Thus for indium
chalcogenides, indium complexes with 2-seleno- @itliro pyridines, [In(EpyRj] (E = Se or
Te; R = H and Me) have been synthesized which ynlysis/solvothermolysis gave J&s.
CulnSe nanomaterials have also been prepared by decongppsecursors, [In(SepyR)and

90




BARC NEWSLETTER
FOUNDER'’S DAY SPECIAL ISSUE 2015

[CuSepyR} together in high boiling coordinating solvents anave been characterized by
electron microscopic techniques [14].

Single sour ce molecular precursorsfor 1V-VI nanomaterials

The IV-VI binary semiconductors like SnE, SnTe, PE = S, Se, Te) show distinctive
properties such as larger bulk Bohr radius andomatsand gaps which is helpful in thorough
understanding of quantum confinement and theiriegbns IR detectors and thermoelectrics
[2,15]. Therefore, a number of methods have beghoexd both in solution and in gas phase
leading to the preparation of different morpholsgef 1V-VI materials. Of them, the least
investigated method is single source precursorerand hence, a number of thio- and seleno-
pyridyl/pyrimidyl derivatives of organotin(lV) havebeen synthesized and structurally
characterized.
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Fig. 3: @) Crystal and b) schematic structures of [Et,SnCI{SC,H(Me-4,6),N,}] and [Et,Sn{2-SeCsH3(Me-
3)N},], respectively.
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Fig. 4: SEM images of a) SnS sheets and b) SnSehexagons obtained by thermolysis of [Et,SnCI{SC,H(M e-
4,6),N,}] and [Et,Sn{2-SeCsH3(Me-3)N},] in OLA at 300 and 215 °C for 5and 25 min, respectively
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Further, the diorganotin complexes, f&M(2-SGH4N),], [Et,SNnCHSGH(Me-4,6pN,}] and
[R2Sn{2-SeGH3(R-3)N),}] (R = Me, Et or'Bu; R’ = H or Me) [16,17] on thermolysis in hot
oleylamine produced different morphologies tin cbgkenide nanostructures at different
temperatures. For instance, thermolysis of,$BC{SCGH(Me-4,6)N,}] (Figure 3a) and
[EtoSn{2-SeGHs(Me-3)N},] (Figure 3b) in oleylamine (OLA) at 300 and 226 afforded
rectangular SnS and hexagonal shaped SnSe shesgisctively (Figures 4a and 4b). SnSe thin
films have been deposited on glass and silicontmtles by AACVD of Bu,Sn(2-Se@HaN),].
The former have showed photo response. Other thash&lcogenides, difficult to prepare PbE
(E = S or Se) quantum dots have been synthesizednigyloying monomeric complexes,
[Pb(ECH.CH:NMe,),] [18]. PbSe nanoparticles with an average diametedO nm have been
isolated. The complexes [PBGAr),] (Ar = Ph or Tol) in refluxing HDA afforded PbS
nanopatrticles at fairly low temperatures.

Single sour ce molecular precursorsfor V-VI nanomaterials

The anisotropic and layered structured V-VI semitanting materials, Mes (M = Sb or Bi, E =

S, Se, Te) having direct band gap have drawn sigmif interest due to their potential
applications in a variety of thermo-electric andogbectronic devices, optical recording systems,
television cameras and X-ray computed tomograp8y2{].

Fig. 6: SEM images of a) Sh,Se; nanorods and b) BiSe nanoflower s obtained by pyrolysis of [Sbh{Se-CsHz(M e-
3)N}s] and [Bi{Se-CsH3(Me-3)N}s] in afurnace at 400 and 450 °C for 1 h.

92




s BARC NEWSLETTER
a FOUNDER’S DAY SPECIAL ISSUE 2015

Therefore, for V-VI materials, pyridylselenolate ngplexes of antimony and bismuth,
[M{SeCsH3(R-3)N}3] (M = Sb or Bi; R = H or Me) have been developeul a&haracterized
structurally (Figure 5) [23]. The complexes eitheave been pyrolyzed in a furnace or
thermolyzed in hexadecylamine (HDA) afforded a ewri of M,Se/MSe nanostructures
[nanorods (Figure 6a) and nanoflowers (Figure @to)]. The precursors ave also been employed
to deposit films of MSe; (M = Sb or Bi) by AACVD.
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Abstract

Occupational exposure to radiation occurs as a result of work associated with different stages of
nuclear fuel cycle from mining to de-commissioning. The essential objective of radiation
protection is to protect human health against the effects of radiation resulting from handling of
radioactive materials. Although adoption of appropriate design of handling equipments and
operational procedures offers protection but it cannot provide complete safeguard as the
conventional methods often involve personnel coming into contact of the radioactive surfaces
mainly with jobs involving cleaning of contaminated surfaces. To this end laser has proved to be
an ideal tool as the entire cleaning operation with laser can be performed in a remote manner
thus greatly reducing the possibility of exposure to the personnel. Further, the laser parameters
can be carefully controlled to dramatically minimize the secondary wastes. No wonder that
laser assisted surface cleaning has decided advantage as a decontamination tool when employed
in nuclear industry. It has the potential to remove both loose and fixed contaminations from
metallic as well as dielectric substrates without causing any harm to the surface underneath.
This paper provides an insight to our work of employing a laser in multiple ways to affect
surface cleaning in nuclear industry.

I ntroduction

India is persuading a three stage nuclear powegraname to meet its future energy needs. This
three stage program is based on a closed fuel ,ayblerein the spent fuel of one stage is
reprocessed to produce the fuel for the next stabe.first stage of this programme involves
using the natural uranium in Pressurized Heavy WR&actors (PHWR'’s). The plutonium that
is recovered from the reprocessing of the spenkeauduel from the first stage along with the
non-fissile depleted uranium and thorium make tred for the second stage that essentially is a
fast breeder reactor The depleted uranium andumodan breed additional fissile material here
viz., plutonium and uranium-233 respectively.

The third stage is based on the operation of thor@und uranium-233 fuelled nuclear reactors.
Thus, fabrication of Plutonium and U-233 bearing X1@el and reprocessing of spent fuel
plays a major role for successful implementatiothefthree stage nuclear power programme.
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The major hazard in a plutonium / U-233 handlingliiy e.g. in a fuel reprocessing plant or a
fuel fabrication plant arises from the possibiliy inhalation or ingestion of the radio-toxic
material by personnel or from the exposure of tamhacaused primarily by gamma rays and
neutrons. Storage and treatment of highly actipdalwastes is also another concern for these
facilities. Thus plant design, equipment design pratess flow sheet for these facilities should
aim for minimising bothmanrem expenditure and generation of wastes. The higho+ad
toxicity and large biological half life associatedth plutonium necessitates installation of all
processing equipments inside leak tight glove baxesheavily shielded glove boxes or hot

cells for U-233 owing to the hardactivity of daughter products of U-232 with remofgeration
and automated facilities.

In a MOX fuel fabrication plant, fuel pins are fadated by loading fuel pellets, fabricated by
conventional powder-pellet route using powder nhatgy techniques followed by encapsulation
with a suitable technique. The pellet loading operainvolving pushing the fuel pellets into the
fuel tube, evacuation process during top end pletdwg and in general handling the tubes
inside glove boxes results inthe presence of loagde particulates contamination on its
surface, in general, and near the edges in paaticlihe loose contamination present on the outer
surface of the fabricated fuel pins needs to beoxeu before their removal from the glove box
for further processing and assembly. Conventionathods based on mechanical and chemical
techniques are not suitable for decontaminatiothiof walled fuel pins as they are abrasive in
nature leading to the possibility of clad damag@ee manual method of decontaminating the fuel
pins is most common and involves cleaning the pifiase inside the glove box with soft wet
cloth and repeating the procedure after their reahénom the glove box until the permissible
level of activity is reached. This process is tio@suming, leads to undue exposure of the
personnel, generates large alpha active secondsstevand increases the possibility of air borne
activity in the working area. Ultrasonic cleaniray) alternate technique currently adopted in
many industrial facilities world-wide, requires soérging of the fuel pins in a specially
designed water filled tank and subjecting them ltoatsonic agitation. Although ultrasonic
decontamination results in the dislodging of largiee loose particulates, it also generates large
guantity of liquid waste necessitating an additisstap of treating the active liquid for re-use /
disposal.

Lasers can play an important role in surface desomtation of nuclear fuel pins as the process
can be performed remotely with minimum generatibsecondary wastes.

As discussed earlier, nuclear fuel fabrication fdaand reprocessing plants handle bulk of
plutonium material either in liquid form or in poetdform inside glove boxes. The entire
internal surfaces of the glove boxes get severehtarninated during handling of plutonium,
more severely in the case where Ru®handled as fine powder. These glove boxes niteer e
renovation or disposal after several years of sergrimarily due to the build up of activity to an
alarming level and deteriorated internal conditidnscase of disposal, the activity of the glove
box needs to be reduced considerably so as toitraata low level waste that, in turn, reduces
the disposal cost. On the other hand, the cleanirige internal surfaces of the glove box will
allow the renovation work to be performed at a Iovegliation field. Conventionally the internal
surfaces of the glove boxes are cleaned usingsabip gels or chemicalt the former case, the
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gel is first applied to the contaminated surfages ia allowed to cure. Later the layer so formed
is peeled from the surface and stored as a solalewtn the chemical process complex blends of
acids and other chemicals are used manually in Hi-step process. There is prospect of
cleaning the contamination from the inner surfacthe glove box by locating the laser outside
as there is enough literature to suggest that seveleaning is a possibility. Wherever the
contamination is on the surface and fixed in natheegenerated secondary waste can be greatly
reduced by employing laser as the cleaning agénis assumes larger significance as many
reactors of the country are ageing and the prosgettcommissioning looms ahead. For
recycling of precious materials and reduction oSt@aand exposure to personnel laser surface
cleaning can be en efficient tool.

There are fundamentally three different approactmeslaser assisted surface cleaning for
removing particulate contamination from a substsigface- 1) Dry laser cleaning, 2) Steam
laser cleaning and 3) Laser shock cleaning. Thdadsr cleaning involves direct interaction of
the laser beam with either the contaminamtthe surface or botfthe micron /sub-micron sized
particulates are adhered to the substrate by shoge attractive forces e.g., Van der Waal's
force that existbetween both polar and non-polar substances. Tdgnitude of the adhesion
force depends on the nature of the particle; ie,sshape and contact area with the substrate.
Absorption of energy from laser pulse either by plagticulate or the substrate or by both can
result in the rapid rise of temperature leadinght® generation of a thermo-elastic force. The
particulates can get dislodged from the substrdtermthe value of the generated force is more
than the adhesion force. The steam cleaning applieatormally associated with the application
of a thin liquid film on the surface prior to th&eéraction of the laser beam. The thrust generated
by the explosive vaporisation of the liquid filmder the action of the laser pulse dislodges the
particulates from the surface. In laser shock éfegra shock wave is generated by focusing the
laser beam at a specific distance above the sutiacee cleaned in a gaseous or liquid
environment. High electric field at the focal poresults in dielectric breakdown and ionization
of the medium generating rapidly expanding plasingh@ point of focus. This results in the
formation of a shock wave which moves outwardlys@apersonic velocity. The resulting drag
force acting on the particulates, if exceeds the der Waal’s binding force, can result in their
expulsion.

In Advanced Fuel Fabrication Facility, Tarapur wevé carried out experiments for
decontamination of metallic and dielectric surfacseng dry laser cleaning and laser shock
cleaning techniques. The dry laser cleaning teclenlips been successfully implemented in the
decontamination of PFBR fuel pins. The followingragraphs will elaborate some of our
experimental work and their results.

Experimental and results

Dry laser forward cleaning: Decontamination of PFBR fuel pins

The second stage of India’s nuclear power progransneased on Fast Breeder Reactors. A
Prototype Fast Breeder Reactor (PFBR) is undertaami®n at Kalpakkam, Tamilnadu. The
reactor is based on Uranium-Plutonium Mixed OxiddOK) fuel, 20% cold worked D9
stainless steel clad tube and liquid sodium cooleabrication of fuel pins for this reactor is now

97




BARC NEWSLETTER

: -.1{‘:‘/"
FOUNDER’S DAY SPECIAL ISSUE 2015

in progress at Advanced Fuel Fabrication Facilitgrapur. Decontamination of fuel pins was
carried out using a Q-switched Nd-YAG laser opagtt 1.06um and capable of delivering a
maximum energy of 1.6 J over a pulse of duratiars gFWHM). The laser emits a multimode
beam of cross section ~ 1 & schematic diagram of the experimental set-uphiswn in
Figure 1. A work station capable of providing sltaneous rotational and translational motion
to the fuel pin was made use of for this work arabwnstalled inside a specially built fume-
hood. The far end of the pin was held in a chuckymied on the shaft of the rotational stage.
Proper supports were provided to hold the 2.60 metey fuel pin horizontally. The linear and
translational motions were effected through a paognable controller. The laser beam was
steered into the fume hood through a narrow opelwpgneans of appropriately arranged
mirrors. A suction mechanism ensured that the egegarticulates from the interaction zone
found their way into the HEPA filter attached withThis mechanism along with the appropriate
pressure gradient maintained inside the fume hoodured that no airborne activity
contaminated the working area. Further, usage ahart purge gas prevents oxidation of the
clad surface at the interaction zone as well ageposition of the ejected particulates. The pitch
of rotation of the workstation, and the repetitrate of the laser were so adjusted as to irradiate

Pulsed Nd YAG laser

wn“r/ ==

Suction l

i I—- From Gas Cylinder

To Vacuum pump

PFBR fuel pin ﬂ

Translationalrotational stage

Fig. 1. Schematic of PFBR fuel pin decontamination setup

the entire active area of the fuel pin surfacel® stationary laser beam with marginal overlap
between the successive exposures. A number of rg@guexperiments on small contaminated
samples were carried out to ascertain the lasanpaters required to bring down the activity to
the permissible level [1]. It was observed thatesipg the sample surface to ~ eight laser pulses
with a fluence value of ~700 mJ/ér@1064nnctould bring down the contamination level to the
acceptable level. Following the optimization ofdaparameters, laser assisted decontamination
of the PFBR fuel pins was carried out. Figure 2vehehe activity per unit area (Bg/@mof
hundred fuel pins before and after laser decontatioin. It is seen that laser cleaning could
always bring down the activity significantly enswgi the removal of the loosely bound
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contaminants from the fuel pin surface. Decontationafactor (ratio of the initial to the final
activity) as high as fOwas achieved. The effect of laser exposure orcltm surface was then
evaluated by carrying out SEM, EPMA and micro-hasinanalysis. It was observed that this
process does not alter the surface morphology auahamical properties of the clad tube. Being
a dry and non contact process, generation of s@ste and personnel exposure to radiation was
also reduced. Figure 3 shows a typical comparigaiadiation dose received by an individual
radiation worker while carrying out decontaminatiohten representative fuel pins by three
different methods. It is observed that use of lasgrthe decontamination tool resulted in

minimum exposure.
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Fig. 2: Activity of hundred PFBR fuel pins before and after laser decontamination
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Fig. 3: Comparison of radiation exposur e for three different methods of decontamination
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Dry laser reverse cleaning - Cleaning of contaminated laminated glass

Our experiments were conducted on laminated glesep of size 2 inch x 2 inch and thickness
~ 6 mm. One of the clear surfaces of these glasasscontaminated by smearing YJbwder

on it. A pulsed Nd-YAG laser capable of deliveriagb ns pulse at 1064 nm and 532 nm
wavelengths was used as the cleaning tool. Thelsangs scanned manually to clean the entire
area. To estimate the decontamination efficiendyicivis defined as the percentage of initial

activity removed, alpha activity of the samples wasasured before and after laser irradiation by
making use of a ZnS(Ag) scintillation detector. Tiaat glass is basically a soda lime glass

which exhibits maximum transmission at @500nm wavgth.

Experimentally we found that the laminated glassbstsed by us exhibits a maximum
transmission of ~ 85% at 532 nm wave length an@ %or 1064 nm. Most of the earlier works
on cleaning of contamination from glass surfacesehaade use of UV radiation derived from
either ArF or XeCl lasers. However for laminatéasg panel cleaning, UV light cannot be used
because the intermediate PVB layer blocks the mnéssson of UV photons through it. In our
experiment we have irradiated the YJEntamination from the back side of the glasshas t
magnitude of the generated thermo elastic forcé lv@lmore here in comparison to front side
exposure. Practically too, it is an easy optiontres laser beam in that case can be readily
directed towards the glass panel. Figure 4 shoe/pdincentage of decontamination efficiency as
a function of fluence obtained after single pulspasure.
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Fig. 4: Variation of single pulse decontamination efficiency with fluence

It is seen that very efficient cleaning at much éoluence can be obtained with 532 nm wave
length because of its better transmission throdmgh laminated glass sheet as well as better
absorption in U@ Although we have calculated DE after single pw@gposure, its value may
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increase with more number of exposures for thenfteevalues used here. We have not observed
any visual defects in the form of cracks or anyksam the glass surface as a result of the laser
irradiation. Even though we have carried out ahiixperiments with U@powder, this method

of cleaning can be used for plutonium powders dbwith an appropriate change in the fluence
values. For practical application of this methakers with beam delivery through articulated
arm will be preferred. Manually the beam can bensed over the surface. For collection of
dislodged particulates from the interaction zoreevantilation system of the glove box itself can
be made use of, although, with an increased numbair changes. Other than renovation or
disposal, cleaning of the inner surfaces of thevglboxes will increase the life of the glove
boxes in addition to reducing the exposure to latowy personnel.

Laser shock cleaning of contaminated samples

In dry laser cleaning, the contaminants are remdwedxposing the contaminated substrate
directly with a laser beam. However, direct expesof the substrate to the intense laser beam
may cause permanent damage to the substrate, @fpécthe substrate is brittle or has low
melting point. As an alternative to the thermaés#rinduced cleaning, laser shock cleaning is a
promising technique that allows removal of smaltipalates from the substrate surface without
requiring it to be exposed directly to the lasearhe The shock wave is generated by focusing
the laser beam at a specific distance above thHaceuto be cleaned in a gaseous or liquid
environment. This results in dielectric breakdownd donization of the medium generating
rapidly expanding plasma at the point of focus.sTit@sults in the formation of a shock wave
which moves outwardly at supersonic velocity. Thesufting drag force acting on the
particulates, if exceeds the van der Waal's bindfogce, can result in their expulsion.
Experiments on cleaning of U(particulates off metallic surface was carried with shock
waves induced by a Q-switched Nd-YAG las€l (Zarmonic @532 nm) capable of generating
pulses of 6 ns duration in air and water. Decontation efficiency, defined as the percentage of
initial activity removed, was evaluated by countthg alpha activity of the samples before and
after laser exposure using a ZnS(Ag) scintillatietector. The laser treated samples were
analyzed for any possible surface damage by opdiedlelectron microscopy. In the first set of
experiments the velocity of the shock waves asnatfon of laser energy at varying distances
from the focal spot was estimated by beam defladgchnique [2]. The shock pressure was then
estimated using the Rankine-Hugoniot equations. Siteek velocity was found to be varying
between 2000 m/s to 800 m/s in air and betweeB003n/s to 1800 m/s in water as the distance
from the focal spot changed from 0.7mm to 2 mmeespely. The peak pressure of the shock
wave at a distance of 0.7 mm was found to be ~ & MRair and ~ 3.5GPa in water and then
decayed exponentially with increase in gap distafegure 5a to 5d shows the variation in
decontamination efficiency (DE) obtained in watba (and 5b) and in air (5¢c and 5d), as a
function of laser pulse energy and number of expssdor two different orientations of the
sample wrt the focal point i.e placing the sammaZontally and vertically at the same distance
(0.7mm) from the laser focal spot. DE was seeimdcease with increase in laser pulse energy
and the number of exposures Under identical candtof exposure DE was found to be always
more for the samples treated holding verticallyjcaomparison to the samples treated placing
horizontally. The reduced DE in case of horizdgtakeld samples was due to re-deposition of
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the some of the removed particulates. Re-deposwias more in water than air due to higher
density of water resulting inefficient cleaning water particularly with laser pulses of lower

energy and less number of exposures (Fig.5a).

efﬁciency (%)

80

De-contamination

fﬁciency (%)

fficiency (%)

De-contamination e

De-contamination e

Fig. 5: Variation of DE with laser pulse energy and number of exposure. a) Sample placed horizontally in
water, b) sample placed vertically in water, ¢) sample placed horizontally in air, d) sample placed vertically in

air.

Most efficient cleaning was obtained when the sasplere treated in water and was held
vertically. DE of more than 99% was achieved whiem samples were exposed to five laser
shocks produced with laser pulses with energy riae 300 mJ (fig.5b). Cleaning under water
resulted in higher efficiency because of the follogvreasons, 1) Greater magnitude of shock
pressure due to confinement of plasma in watere@)ced adhesion force between the substrate
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and the particulates by an order and 3) practicgadyedeposition when the samples were held
vertically. The generation of cavitation bubblethanliquid due to the focussed laser beam also
aids the cleaning process. Optical and electromraseopy of the cleaned surface revealed no
damage on it.

Conclusion

Laser assisted surface cleaning has been implechsoteessfully in decontaminating metallic
and dielectric contaminated substrates. This methdaking used routinely in the AFFF fuel
fabrication line for decontamination of PFBR fu@hg Till date more than forty thousand fuel
pins have been decontaminated using this techn@treer than removing loose contamination,
lasers can play a dominant role in the decommigsjpof aged nuclear reactors by ablating
contaminated concretes and other metallic compsnétawever, to exploit the full potential

that lasers offers in surface cleaning a well de@dcresearch and development work is
prerequisite.
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Abstract

A fully computer controlled multisource storage cum source driving device was designed and
fabricated locally. This device contains three major components, namely (i) a meticulously
designed and properly shielded source container with proper mechanical support and coupling
arrangement for connecting the source guiding tube, (ii) a specially designed electronic control
system for driving the motors and position sensors, and (iii) a programmable graphical user
interface (GUI) for operating the machine. The source container is a mild steel shell filled with
sufficient amount of lead to keep the radiation leakage level within the prescribed limit. The
device contains nine independent channels and hence it can store nine different high dose rate
(HDR) brachytherapy sources. The objective of this development was to store the HDR
brachytherapy sources of all the vendors so that the brachytherapy dosimeter of the hospital can
be calibrated against the same source which used at the hospital in the clinical application. The
performance characteristics of this multisource remote operating device (MROD) was
thoroughly verified and found within the specified tolerance limit. For commissioning the
MROD, a decayed HDR 192Ir source was loaded in the unit and its source strength was
measured using the large volume brachytherapy reference standard.

Introduction

Beam therapy and brachytherapy are the two diftespproaches for delivering the prescribed
radiation dose to a cancer patient. Brachytheragss tsealed radioactive source(s) for dose
delivery to the delineated tumour volume. On theidvaf treatment site and method of

placement of treatment applicator, brachytherapgagegorized as intracavitary, interstitial,

intraluminal and surface mould applications. Instmode of cancer therapy, a high radiation
dose is delivered locally to the tumor volume wisipid dose fall-off in the surrounding normal

tissue region. Traditionally, brachytherapy was ngsipreloaded applicators (treatment

applicators loaded with a fixed activity of the iettbn source) for insertion into the patient. This

approach had the major drawback of higher occupatiexposure and hence this approach of
source placement was changed to manual afterloadicignigue. The manual afterloading

brachytherapy allows loading of radioactive souraéier the treatment applicators are put in
place in the patient and have been checked ragibmally for proper positioning using
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radiopaque markers and source dummies. Even thdbghtechnique of source placement
requires manual handling of radioactive materiairdy source preparation and loading of the
sources into the previously inserted applicatoosepno greater risk to patients and personnel.
From the last three decades, remote afterloadiognigue of source placement is used for
delivering brachytherapy treatment. With the adeament in technology of source production/
fabrication and source storage and drive mechanmaghytherapy is now practiced with
relatively higher activity single stepping radiatisource *4r and ®°Co) that allow remote
loading of radioactive sources after insertionhef treatment applicators into the patient. Remote
controlled afterloading brachytherapy devices aosv mavailable that eliminate the direct
handling of the radioactive sources. In this apphno#he radiation source can be instantly loaded
and unloaded, making it possible to provide pateare with the sources retracted into their
shielded position. Commonly used brachytherapy terafterloader is known as high dose rate
(HDR) brachytherapy unit. It is well known that thmlogical effect of radiation on tumors and
normal tissues is according to sigmoid shaped desponse relationships. Clinical dose
response curves are recognized to be very stegipally 5% change in dose causes 10 to 30%
change in tumour control probability when lookedhet steepest portion of such curves. On the
basis of these considerations, the Internationaim@ission on Radiation Units and
Measurements (ICRU) recommended that the overallracy in the radiation dose delivered to
the patient should be within 5% (ICRU 24, 1976)e Htcurate calibration of the brachytherapy
source plays an important role in achieving thaumegl accuracy in treatment delivery (Nath et
al 1997; Kubo et al 1998; IAEA, 2002; Podgorsak20®Reference Air Kerma Rate (RAKR) is
used for specification of the strength of brachkdabg source by the various international
agencies which is defined as the kerma rate taramjr, at a reference distance of one meter,
corrected for air attenuation and scattering. &imka strength (AKS) is also used for specifying
the strength of brachytherapy source and is defasthe product of the air kerma rate in free
space at a measurement distance r from the soamntercalong the perpendicular bisector and
the square of the distance r. RAKR or AKS calilmmatcoefficient of brachytherapy dosimetry
system depends on construction material, geomathydamnensions of the radiation source.

A variety of HDR brachytherapy sources are usedemote afterloading devices of different
vendors. It will be appropriate to calibrate thaditytherapy dosimeter of a hospital against the
same source which is available for the clinical ims#hat hospital. For achieving this goal, it is
required that the calibration laboratory should énavremote operating device which can store
HDR sources of all the vendors. To fulfill this uaement, a fully computer controlled
brachytherapy multisource storage cum source dyidevice was designed and fabricated. This
paper describes the salient technical featurdsi®tievice as well as its performance aspects.

HDR Brachytherapy Sources

Majority of the HDR remote afterloading brachythgrainits contain a miniature Ir-192 source
(nominal activity of about 10 Ci) as HDR brachytygy source. Some of the vendors is also
supplying miniature Co-60 source (nominal activdff about 2 Ci) in their HDR remote
afterloading brachytherapy unit. Generally, an HDRchytherapy source is a sealed radioactive
source which contains a cylindrical source capsane an active rod of the radioisotope
concerned. Such sealed sources are identifieddy thtal length and total diameter as well as
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active length and active diameter. Commerciallyilabée HDR brachytherapy sources have
total length in the range of about 4.5 mm to 10 amd outer diameter of 0.4 to 1.1 mm. These
sources are welded at one end of about 1.5 to @t&rrfong multistrand drive cable having outer
diameter approximately equal to source outer diaméts an example, the dimensional details
of old and new microSelectron (Nucletron, NethedlgnHDR Ir-192 source has been given in
Table 1. The schematic internal configurations afraBelectron HDR Ir-192 old/ classic source
is given in Fig. 1.

Table 1: Dimensional details of old and new microSelectron HDR *Ir brachytherapy sour ces

Parameters Old/classic Source New Sour ce
Active length (mm) 3.50 3.60
Active diameter (mm) 0.60 0.65
Total length (mm) 5.00 4.50
Capsule diameter (mm) 1.10 0.90
Capsule thickness (mm) 0.25 0.125
Cap radius (mm) 0.55 0.40

i I
T < e 35 — >
Drive cable 1.0 0.55
5.0
¥9r core Steel capsule
dia. = 0.6 t=0.25

Fig. 1: Schematic internal configurations of microSelectron HDR **r old/ classic source. All dimensions are
in mm.

M ultisour ce Remote Operating Device

Multisource remote operating device (MROD) is a elovfully computer controlled
brachytherapg/ source storage cum source drivingcedewvhich can store nine high dose rate
(HDR) *4r/ *°Co brachytherapy sources. This device containe thmajor components, namely
(i) a meticulously designed and properly shieldedrse container with proper mechanical
support and coupling arrangement for connecting gberce guiding tube, (i) a specially
designed electronic control system for driving tmetors and position sensors, and (iii)) a
programmable graphical user interface (GUI) forrapeg the machine. The source container is
a mild steel shell filled with sufficient amount lefad to keep the radiation leakage level within
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the prescribed limit. The source container consétaine ‘S’ shape channels each of 2 mm
conduit diameter which can store nine different HBRchytherapy sources. During OFF
condition of the MROD, the source is resting at ttemtre of its ‘S’ channel. The drive

mechanism has the capability to allow the souraeetrby 100-150 cm from its resting point.

Specially designed nine connectors are providethatfrontal end of the source container to
couple the source channel with the guiding plastice. Electronic as well as mechanical
provisions have been made to drive only one soat@time for the safety of the operator and
accuracy of calibration. The intended source carpdastioned in the plastic tube anywhere
(between 40-150 cm) from the centre of the contaah@ movement step of 2 mm.

The distance of the source movement is counted fiteenfrontal end of the container. The
source cable moves out of the container and stdpealast irradiation position of the selected
range of irradiation. From this position, the s@uncoves in user selectable steps backward and
stay at all assigned dwell positions for indicaie@diation duration. Dwell time (time of
irradiation) at each dwell position (position ofaidiation) can be selected in the range of 0 to
9999 seconds. The speed of the source movemesgiiselectable (0O to 600 cm/min).

The MROD is useful in calibration of the hospitalsdneters against the same source which is
available to the hospital and will help in enhagcihe accuracy of dose delivered to the patient
during brachytherapy treatments. The MROD has lkeroughly evaluated using dummy as
well as active HDR brachytherapy sources and it$opeance was found well within the
specified tolerance. Fig. 2 shows the closed batggraph of the MROD and Fig. 3 shows its
electronic drive and control systems. There are sets of electronic drive and control systems
mounted at left and right sides of the device. Qg side is visible in Fig. 3.

Fig. 2: Photograph of the multisour ce remote operating device (M ROD)
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Fig. 3: Photograph of the electronic drive and control systems of the MROD. There are two sets of electronic
drive control systems mounted left and right sides of the device. Only onesideisvisiblein this photograph

Two position sensors, one at the frontal part &edother at the rear part, of this device has been
provided to monitor the movement of the source fitsmesting position. During irradiation by
selecting a given source, the distance of the som@vement is counted from the frontal end of
the selected source channel. The provision has beale in the control software to limit the
movement of the source within a specified limit 2fmm. The control system has been
customized to allow the movement of only one soatceme at a pre-programmed position. In
case of any obstacle in the path of source moverttantsource returns to its resting position in
the ‘S’ conduit. The option of homing has been pded to bring the source to its actual resting
position and then start the movement which enstinesiccurate positioning of the source at the
pre-selected dwell position. The system for marsaalrce retraction has also been provided to
deal with the abnormal condition of operation af iROD. For loading of a new source it is
required to push the dummy end of the source upedocation of frontal position sensor and on
selecting the homing action the active end of theee is brought the centre of the ‘S’ channel.
Similarly, for unloading of the spent source, regdimovement range is selected for bringing
the dummy end of the source out of the frontal sensFig. 4 shows the arrangement of source
drive mechanism. There are nine source drive systBach of the source drive system contains
arrangements of wheel bearing system along with Higy conveyor belt. The frontal end of the
source drive mechanism is coupled with the 'S’ ctgrof the source storage container and its
rear end is coupled with the wire storage tube twisanounted on a durable plastic sheet.
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Fig. 4: Mechanical arrangements of sour ce drive mechanism of the multisour ce remote operating device

Fig. 5 shows the snapshot of the operation anda@osdreen of the MROD control system. This
screen displays the pre-programmed location osthece along with the pre-programmed dwell
position. The length of the source wire, movemeugesl, available and selected range of the
source movement, current location of the source edapgsed irradiation duration, source type
and radionuclide, loaded source strength and cuskirce strength in Ci or user selectable units
are also displayed on this screen. Salient techféatures of the MROD and its control system

has been listed in Table 2.

Table 2: Salient technical features of multisour ce remote operating device

Material of Source container

Mild steel and lead

Number of source to be stored

9

Shape of source storage channel ‘S’ type
Conduit diameter of 'S’ channel 2 mm
Length of the ‘S’ channel 40 mm
Number of steps for source movement 50

Step size 2mm

Length of source travel from the centre of ‘S’ chan 1500 mm
Positional accuracy of the source +1 mm
Positional reproducibility of the source +1 mm
Diameter of source guiding wire 1.6 mm
Dwell time 10 to 9999 sec

Channel inhibitor

9

Control system

GUI based programmable
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Fig.5: A snapshot of the operation and control screen of the multisour ce remote oper ating device showing the
planned dwell positions and current location of the HDR I brachyther apy source

Commissioning and Sour ce Strength M easurements

The functional parameters of the MROD have beemotighly verified and found within the
stated tolerance. Strength of the HEYRr brachytherapy source stored in this unit wassuesd
using locally designed brachytherapy reference dstah (1000 cm3 graphite ionization
chamber). Fig. 6 shows the experimental arrangemnssd for measuring the strength of HDR
93¢ brachytherapy source stored in MROD using largieime graphite ionization chamber and
specially designed PMMA source calibration jig. §experiment was conducted as part of the
commissioning of the MROD for its intended purpose.

Fig. 6: Photograph of the experimental set up used for measuring the strength of HDR *#Ir brachytherapy
source stored in the multisource remote operating device. Large volume graphite ionization chamber and
PMMA source calibration jig can also be seen in this photograph
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Summary and Conclusions

A versatile fully computer controlled multisourcemote operating device was designed and
fabricated locally for storage of nine high doseerarachytherapy sources. The performance
characteristics of this device was checked thorlyughd found within the specified tolerance
limit. The objective of this development was to makailable an automated source storage and
driving device for calibration and dosimetry of HOR2Ir/ 60Co brachytherapy sources so that
the dosimetry systems of the hospitals can bereddid against the source which is used at the
hospital for treatment of the patient. This apploat source calibration will further reduce the
uncertainty in strength measurement of HDR bradcrgihy sources which in turn will enhance
the accuracy of physical dosimetry and hence tlearacy in delivery of prescribed dose to the
patient.
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History of Growth of Pressurised Heavy Water Reactors (PHWRS) India

The pressurised heavy water reactor (PHWR) trasehistory way back in year 1962 when

22MWe Nuclear Power Demonstration (NPD) reactor e@samissioned in Canada. Horizontal

pressure tube along with half a meter long multiplendles to facilitate online refuelling and

heavy water as coolant and moderator to facilitese of natural uranium fuel were chosen as
design features for NPD reactor and the same hexs centinued in all the CANDU reactors and

Indian PHWRs designed later for commercial poweregations.

India took its first step in the commercial powengration from Nuclear energy way back in the
year 1964 to build two units of 200 MWe each at Rtblvata, Rajasthan with the help of Atomic
Energy of Canada Limited (AECL). These units weyebe similar in design to the Douglas
Point reactor - the first natural uranium fuellemhonercial heavy water reactor built in Ontario,
Canada. The first unit at Rawatbhata was commisegiom 1972 with eighty percent of
equipments used in the construction sourced froma@a With the Indian nuclear test in year
1974 and consequent withdrawal of support by Camadihe construction of"2 unit was
completed with much delay with the help of Indiaamafacturers and commissioned in the year
1980. Experience and confidence gained in thiseptogncouraged Indian Nuclear Industry to
design and build wholly indigenous nuclear powatish of nearly same capacity at Kalpakkam,
Madras. Thereafter, with the construction of 220 BM\Wower stations at Narora, Kakrapar,
Kaiga, Rawatbhata and 540 MWe power stations aapiayr Indian Nuclear Industry has
attained its maturity in all the aspects involvirdesign, manufacturing, construction,
commissioning and operation.

Reasonsfor Evolution in Pressuretuberelated technology

The pressure tube starting its journey from NP962 has been in service in different reactor
units worldwide for the last 53 years. During th@sgiods, it has met with a few uncalled for

incidences in CANDU Units and one in Indian Unitlike failure of G16 pressure tube in

Pickering-2 in 1983, heavy water coolant leakagesfcracks developed in over-rolled pressure
tubes in the Pickering and Bruce reactors (19741982), sudden rupture of N16 pressure tube
of Bruce (1986), and a few others. Analyses of éhesidences led to extensive independent
research in pressure tube related technology boftanada and India. These efforts resulted into
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evolution in design, development of better allapproved rolled joint fabrication procedure,
development of analytical models for assessmedegfadations, design of inspection tools and
methodology for inspection during manufacturing ahging service, and evolution of life
management programme for older generation of re;acto

With all the indigenous developments, India haaiad¢id self reliance in designing, constructing,
operating and managing the Pressurised Heavy WgieReactors and is contributing to global
R&D activities in making Nuclear energy much safer.

Subsequent paragraphs give details of the develapofepressure tube technology in Indian
perspective

Coolant Channe Assembly Design

The coolant channel assembly of PHWR compriseslgnafra pressure tube (PT) concentrically
located inside a calandria tube (CT) with the halgarter springs spacers supports evenly
spaced along its length. All these componentsra@e up of zirconium alloys. There are 306
assemblies in a 220 MWe PHWR and nearly 392 assesrihla 540/700 MWe PHWR. The
calandria tube is surrounded by heavy water modenaaintained at 6&. A gas of low thermal
conductivity flows through the annulus to thermaitigulate the hot pressure tube from the cold
calandria tube. These assemblies form individuaésure boundaries inside the calandria vessel.
The pressure tube houses the fuel bundles andy ester coolant flows through it at 10.0 MPa
pressure to extract the heat of fission reacti@meratures of heavy water at the inlet and the
outlet are approximately 250 C and 300 C respdgtiV¥eg. 1 shows schematic of PHWR
coolant channel.

BN SHELD AR PRISSLRE UBL  GOFTER SPRAG  CALNDAA TURE GF TR
- CRIER-CROVTE
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SHUCH ABSOREE I
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_________________ ==
ey A
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Fig. 1. Schematic of PHWR Coolant Channel

Amongst various components of the coolant chanasémably, it is the pressure tube which
operates under the most vulnerable environmeruaf pressure, temperature and neutron flux.
As a result, the service life of a coolant chanedlictated by the service life of the pressure
tube.
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Zircaloy-2 Pressuretubes: the Driversfor Pressuretube Related Indian R& D Programme

The first seven Indian PHWRs (RAPS-1 to KAPS-1) paglssure tubes made of cold worked
Zircaloy-2 and loose fit garter springs. India h@uerated these reactors for a period ranging
between 8.5 — 12.0 years. The new reactors bitdt KIAPS-1 and the old reactors after retubing
have Zr-2.5%Nb pressure tubes and four tight fitegespring spacers.

The pressure tube R&D programme in India has edolwer last 20 years. The focus in the
early period was on safe operation of reactors \ititaloy-2 pressure tubes. The contact
between pressure tubes and calandria tubes aslaakshifting loose-fit garter springs and, the
accelerated corrosion and hydrogen pick-up werenthn concerns. Addressing the safety of
pressure tubes arising from these issues alonglifgtbxtension was a challenging task because
of its multidisciplinary and ever evolving naturétools and technologies. A self evolving life
management strategy based on the results of aralgssessment studies, in-service inspection
(ISI), health diagnosis, post-irradiation examioatand life extension helped in operating these
units with safety. As a part of the life managem&inategy health diagnostic tools, in-service
inspection tools, life extension tools, analyticabdels for simulating in-reactor degradations
were developed. Simultaneously, tools and techmedofpr post-irradiation examination of
irradiated components and their materials were déseloped.

With the era of Zircaloy-2 pressure tubes comingutoend in the year 2010, the focus is now
shifted to addressing life limiting issues of ZB%Nb pressure tubes. The experience gained
from the life management programme of Zircaloy-2ssure tubes has been helpful in planning
similar R&D programme for Zr-2.5%Nb pressure tubesvell.

Key Elements of Life Management Programme

Computer models for the degradation mechanisnectiify the service life of pressure tubes,
health diagnostic tools, in-service inspection &fedextension tool, and evolving an effective
life management strategy were identified as the légments of the life management
programme. These have been elaborated in the gnsaragraphs.

Computer Codes developed for monitoring of Fitnessfor Service of pressuretubes

Separate computer codes for simulating each ofirthreactor degradation mechanisms were
developed and validated using results of inspeatiocoolant channels. These codes were used
extensively for taking safety related decisions.e Ttodes developed have the following
acronyms and the expanded form:

SCAPCA: Static and Creep Analysisfor Pressuretube and Calandriatube
HY CON: Estimation of Hydrogen Concentration (HY CON)

BLIST: Estimation of Blister Depth (BLIST)

CEAL: Assurance of Leak Before Break (CEAL)

SCAPCA was used to estimate time and location awRT would contact CT based on current
garter spring positions. SCAPCA was used for [{eeBesion activity. It was used to estimate the
parameters for relocation of garter spring spaceCON was used to estimate hydrogen
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ingress in the pressure tube at a given operaniggh Using the contact location, contact time
and hydrogen ingress, BLIST used to estimate thesibility of nucleation and growth of
allowable and critical size of hydride blisters. Mgrarriving at the safe residual service life of a
coolant channel, strategy was to ensure a marglnyefir at least between the time for growth of
allowable blister size and the critical blisteresiAlternatively, safe residual service life was
arrived at by subtracting 1 year from the time doowth of critical blister. The computer code
CEAL was used to confirm the possibility of satiefy Leak Before Break (LBB) criteria. Figs.
2-4 give the glimpses of comparison between thesareanent and the prediction for gap profile,
hydrogen pick-up and size of blister in a pressube.
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Toolsfor Health Diagnosis, I n-service Inspection, Life Extension

Non Intrusive Vibration Diagnostic Tool (NIVDT), i8er Scrape Sampling Tool (SSST), BARC
channel Inspection System (BARCIS), Integrated &arSpring Repositioning System
(INGRES) etc. were developed and used extensiwellife management of Zircaloy-2 pressure
tubes. The specific purpose for which these to@sevdeveloped are described below:

NIVDT: was used to nondestructively identify tHeaanels with PT and CT contact.

SSST: was used to obtain material sample from pleeading pressure tubes for
hydrogen concentration measurement.

BARCIS: was used to carry out inspection for gasging location, PT-CT gap, wall
thickness and flaw detection

INGRES: was used to relocate the garter springdnegnel to the locations decided by

SCAPCA code for extension of life of coolant chdnne

Life Management Strategy for the Zircaloy-2 Pressure Tubes

In view of the loose fit garter springs, a largentner of channels PT-CT contact were expected
in the reactor core of the early generation reactlirwas anticipated that extensive in-service
inspection programme would be required to deal whth large volume of work. But, in-house
developed analytical models and health diagnosis toelped in the life management strategy to
prioritize the vulnerable pressure tubes. Thus pimum balance between inspection load and
safety of coolant channel could be maintained averalistic interval of operating period (shown
in Fig. 5).

Identification of vulnerable channels HYCON, BLIST

Identification of suspected contacting channels wmmp | NIVDT

Inspection of identified channels ) BARCIS

Assessment of fitness for service of inspected mmmp
channels

‘ Disposition of channels not meeting acceptance criteria ‘
Estimation of actual Quaranfining

hydrogen by scraping and
reagsessment of blister size

Garter spring repositioning

Fig. 5: Life management strategy followed for Zircaloy-2 pressure tubes
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Lifelimiting I ssues Specific to Zr-2.5% Nb Pressuretubesused in current reactors

Zr-2.5%Nb pressure tubes are used in all the ctiyr@perating reactors. The life is limited
mainly by reduced room temperature fracture tougbnelue to high hydrogen concentration
near rolled joint region of pressure tube and hgmetral expansion rate caused by irradiation
induced creep & growth.

High hydrogen ingress near the rolled joint regisrdue to galvanic corrosion occurring at
dissimilar metals joint between stainless steel #ttthg and Zr-2.5%Nb pressure tube. The
hydrogen concentration in excess of solubility timrecipitates as hydrides which may be
radially oriented at the places of high stressdse Toughness of material in this region is
seriously affected and so is its critical crackgien(CCL). Material in such condition provides
restricted scope for varying pressure and temperaturing start-up/shutdown. Additionally, it
may also cause a flaw generated during servicerapagate by Delayed Hydride Cracking
(DHC) mechanism under favourable conditions of terafure and pressure.

The solution to this problem lies in nurturing sgfeulture (to ensure PHT free from debris
created during routine maintenance) to avoid ge¢ioeraf service induced flaw and provision of
highly sensitive annulus gas monitoring system (A&Mb detect any leakage in the event of
through wall crack. A computer code Delayed Hydi@tacking (DelHyC) has been developed
to evaluate the crack propagation rate by DHC m@shaso as to estimate allowable time limit
for safe shutdown of reactor in the event of leagkago annulus. The computer code DelHyC
has been validated with respect to experimental (Fg. 6).

Constraints on Source Hydride = 100%
Medel Prediction

1E-5 Hydrogen Hydrogen
- —m— 40 ppm —w— 100 ppm
e— 60 ppm 120 ppm
4 80 ppm —<— 140 ppm

Experimental Results of MSD, BAR
® 40ppm @ 60ppm
—o— 80 ppm X 63 ppm

DHC Velecity (m/s)

L] T T
1.7 1.8 1.9 20 21 2.2 23 2.4
1000/T(K)

Fig. 6: Comparison of DelHyC prediction with experimental results

High diametral expansion caused by neuron induceadiation creep and growth will reduce the
clearances between garter spring spacer and taedcal tube at a faster rate ultimately leading
to pinching of garter spring spacer between pressiye and calandria tube (Fig. 7) much early
in the service life. Additionally, it may also ca&usoolant bypass to occur at the maximum creep
location which may lead to fuel failure (Fig. 8)ohe of the foregoing situations pertain to
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normal operation as they affect the design funetibnof the component. This problem is more
pronounced in 220 MWe PHWRs than in 540 MWe PHWR®&sha use of garter spring spacer
with larger coil outer diameter provides compardivmuch lower gap between the garter spring
spacer and the calandria tube.

This situation may also pose requirements of imiserinspection of large number of pressure
tubes and derating of reactor power. A computerectid-reactor Diametral Expansion and
Axial Elongation of Pressure tube (IDEAELP)” hasebedeveloped to predict the in-reactor
diametral expansion and axial elongation of thessuee tubes (Fig. 9). This has helped in
identification of vulnerable pressure tubes reqgjinspection on priority basis.

/
o © ®

Fig. 7. Schematic of progressive pinching of garter spring between
pressuretube and calandria tube

Pressure tube
Oue bundO

Fuel bundle in a Normal Fuel bundle in an Expanded
pressure tube pressure tube

Fig. 8: Schematic of coolant bypassin a diametrically expanded pressuretube
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Fig. 9: Comparison of IDEAELP prediction with measurement

The possible engineering solutions to this problies in the altering the alloy texture so as to
get reduced creep rate, use of bundles with langer pin gap at the bottom than at the top and
use of garter spring with lower coil outer diamefEne first two options require development
and demonstration of performance before the adtnplementation and therefore have long
gestation period. The last option is not only quésid easy to implement but also has assured
outcome. In-house developed computer code foreGaspring Spacer Optimised Design
(GSOD) has been used to arrive at an optimisedydesghich will help in accommodating ~6%
of diameter creep which is 2% higher than achieyvalsing the current design (Figs. 10-12).
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Fig. 10: Garter Spring Spacer Fig. 11: Basic dimensions of a coil of garter spring

Width(b) Thickness (h) Pitch (p) Outer Remark
DIMENSIONS | (mm) (mm) (mm) diameter (d,)
(mm)
0.9 1.4 1.1 5.8 Optimised
VALUES design
1.04 1.73 1.25 6.8 Existing
design

Fig. 12: Dimensions of optimized and existing design of garter spring
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Fig. 13: (a) Shock absorber assembly in the test
setup; (b) Energy intensive activities identified
during test: (c) Comparison of energy absorbed
¥s energy  absorption requirement with
displacement of end fitting

Future of Coolant Channel Design

In present design of coolant channel the pressil@ ¢an operate up to a maximum of 25 years.
The degradation mechanisms — like diametral creeqal creep and hydrogen induced
embrittlement would compete with each other to tithie service life. If a reactor system is
designed for 60 years, pressure tubes and assb@ateponents need to be replaced at least
once. Though this exercise is very much possildaypit is mandays and manrem intensive.

A system working infinitely and efficiently withoudemanding any maintenance and without
losing design functionality is the most ideal desi§xtensive multidisciplinary research and
development efforts over a long period are to betpuealise such design. Coolant channel
design is also going through such churning procBss.rates of all the degradation mechanisms
discussed in the previous paragraphs and founck tafflecting the service life of the pressure
tube are required to be lowered so as to a attsigréficantly long design life.

A new design of coolant channel has been concepéalin which the pressure tube is shielded
from the hot coolant by an insulator (Fig. 14). Toe operating temperature of the pressure
tube in this design not only makes calandria tudstundant but also provides opportunity to
explore the possibility of keeping pressure tubedirect contact with cold moderator. Fuel

bundles would be housed inside the insulator baek#da thin perforated metallic tube on the

inside. The coolant flows through the insulator epim carry the heat of fission. In this

arrangement, the operating temperature of the pressbe is expected to be around 100 C.
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The low operating temperature achieved in this giesignificantly reduces the temperature

dependent contribution to the overall rates ofdbgradation mechanisms affecting the service
life of the pressure tube. One such estimate isttha arrangement will give a service life as

long as two tenure of previous design life.

Rectangular tube sheet

Pressure
tube

Lattice tube
End fitting

- Toward Core
5eal Bearing —

Fig. 14: Schematic of Future Coolant Channel Design
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Abstract

This paper briefly describes studies related to containment thermal hydraulicsin nuclear reactor
containments, source term evaluation, flow accelerated corrosion study, thermo-mechanical
analysis of metallic fuel, containment safety related study in experimental facility, heat load
analysis of ADSS components and fire test analysis in transportation cask.

Keywords

Containment Thermal Hydraulic, FAC, Metadlic Fuel, Joule Heated Ceramic Melter, ADSS
components

Comprehensive Nuclear Safety Studies related to containment thermal hydraulics, Source Term
Anaysis and Nuclear Systems/Components have been carried out for Indian nuclear program
and are briefly described in the subsequent sections.

Containment Thermal Hydraulics
AHWR Containment Analysisfor DBA

Containment therma hydraulics analysis for AHWR containment has been carried out for
evaluating containment peak pressure and temperature under Design Basis Accident (DBA)
condition i.e. 200% break LOCA in Reactor Inlet Header (RIH) [1]. Results were compared with
the containment having no liner (i.e. only concrete structure) and containment peak pressures
found to be amost the same as obtained for the case of lined containment. An optimisation study
for peak pressure variation with respect to Blow Out Panel area (see figure-1) has been carried
out. BOP panels are required to limit the load generating on the walls due to differential pressure
arising between two compartments in case of accident. Performance of Passive Containment
Isolation System (PCIS) through Inclined Fuel Transfer Machine has been assessed for LOCA
conditions [2]. Level variations in Transfer Fuel Storage Bay (TFSB) pool (see figure-2) and in
primary ramp were evaluated during the transient for 200% break LOCA in RIH. It was found
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that remaining water left in TFSB pool is sufficient to maintain the shielding requirements for

pool and containment isolation.

2.0

AHWR CONTAINMENT DBA ANALYSIS
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Fig.1: Variation of pressurein V1 and V2 volumefor various BOP areas

PCIS analysis was also carried out for containment isolation from the environment in case of
accident condition LOCA by forming U tube water sea due to pressure differential between V1
and V2 volume. Performance of PCIS has been evaluated for LOCA covering the entire range of
RIH break sizes from 2 % to 200 %. It is observed from the analysis that the PCIS will perform
its intended function within 15 seconds for all the break sizes.
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Fig.2: Level transient in TFSB for 200% break L OCA condition
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Experiments Studiesrelated to Containment Thermal Hydraulics

Containment Studies Facility (CSF) is designed to study containment performance under DBA
and beyond DBA conditions for Indian PHWRS. The CSF (see figure-3) consists of a PHTM, a
Containment System (CM) model and a Control and Instrumentation room.

PHT System Model
En closure

Cantrel &
Instrumentation Regm

Containment Maodal

Fig.3: Containment Studies Facility

The containment model is approximately 1:250 volumetrically scaled down model of the
prototype 220 MWe PHWR containment of Kaiga NPP. Like Indian PHWR containment system,
the CM is also divided into V1 volume (dry well) and V2 volume (wet well). The V1 volumeis
further divided into many compartments to simulate the various rooms such as pump room,
fuelling machine vault etc. present in actual reactor containment. The V2 volume is connected to
V1 volume through vent pipes and suppression pool. The containment model is a cylindrical
structure with an ellipsoidal dome, made out of RCC with epoxy painting on the inner surface.
The outer diameter of the modd is 6.9 m and its height is 10.95 m. Containment thermal
hydraulics experiments have been performed for Blowdown pressure of 30, 50 and 75 kg/cm?(g)
[3]. The experimental data [3] were compared with the results of in-house containment code
CONTRAN and ASTEC codes, for simulated blow down conditions and results were found to be
in good agreement (see figure 4).
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Fig.4: Comparison: Experiment Vs. Analytical (100 kg/cm?-g)
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Suitable condensation model has been identified for the thermal hydraulic codes through this
study. The present experiment and its validation have given requisite confidence on the PHWR /
AHWR containment pressure and temperature transient evaluation with in-house CONTRAN
and French code ASTEC. Besides with a systematic evaluation of various condensation models,
the adequacy of Uchida model for containment transient cal cul ations has been demonstrated.

Source Term Analysis
Fukushima Daichi Unit -1

Severe accident analysis of Fukushima Daichi Unit -1 has been carried under Station Black Out
(SBO) condition initiated by Seismic and Tsunami events. In the analysis, containment thermal
hydraulics, Molten Corium Concrete Interaction and Fission product (FP) transport analysis has
been considered using ASTEC code. Analysis was carried out up to hydrogen detonation time in
unit-1. For fission product transport in the containment, 18 species including Xe, Kr, Cs and
lodine and corresponding cases of decay heat have been modelled. Except Xe and Kr all other
FPsincluding lodine have been taken as aerosol form in the numerical model.

Containment pressure & temperature transients and deposited and suspended mass of the FPs
with time have been evaluated in all the zones. Hard vent opening and enhanced leakage at
containment high pressure has been considered. Source term (ground and stack level release
from containment to Environment) is evaluated up to H, detonation. Inert atmosphere as initial
condition has been considered in Primary Containment Vessel and in suppression chamber.
Continuous release of corium from Reactor Pressure Vessel in case of vessel failure and external
water injection were modelled. A large relocation of the molten corium on the floor of reactor
cavity and consequent Molten Corium Concrete Interaction (MCCI) was observed releasing
large amount of hydrogen and carbon monoxide, making primary containment to further
pressurize and the reactor building susceptible to explosion. H, and CO concentration has been
plotted on Shapiro diagram for deflagration/detonation limits. It was found that containment
pressure (see figure-5) reaches up to twice the containment design pressure and top region of
reactor building enters into deflagration zone. Fig. 6 shows cavity erosion due to MCCI at the
end of one day transient in Unit-1.
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By and large, the present analysis [4] predictions agree well with the event chronology, recorded
plant parameters and measured activity and with the analysis prediction of Nuclear and Industrial
Safety Agency, Japan.

I AEA- Benchmarking of severe accident computer codesfor PHWR

Containment analysis for severe accident conditions was carried out for 700 MWe CANDU
reactor under IAEA Coordinated Research Project (CRP) [5]. Objective of this CRP was
benchmarking of severe accident computer codes for Pressurized Heavy Water Reactor
applications under prolonged Station Black Out conditions (SBO). Containment Pressure,
Temperature transient, concrete ablation rate due to MCCI, hydrogen and CO distribution,
fission product distribution in the containment have been evauated using ASTEC code.
Containment was divided into 14 zones. Flammability limits of H, and CO has been checked
with time on Shapiro diagram. Results were compared among 7 International Participants from
different countries and found to be in good agreement. Fig.7 shows comparison of time predicted
by participant for different chronological events during progression of the severe accident.
Figure 8 shows total amount of hydrogen generated during accident as predicted by all the
participant.
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Fig. 8: Total amount of hydrogen generated during accident
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Thermal Analysisof VWSB-IP1 at Tarapur

Thermal Design and analysis of Vitrified Waste Storage Block-1P1 at Tarapur has been carried
out [6]. The vitrified waste has high heat generation rate due to decay heat and needs interim
storage under surveillance. The waste needs to be cooled continuously until major portion of the
decay heat is dissipated. VWSB-IPL1 is designed for interim storage of waste generated of 30yrs
of Integrated Plant-1 under plant operation.VWSB-IP1 will be consisting of about 2192 canisters
housed in 548 locations. Natural circulation air cooling was considered to cool the canisters.
Canisters are placed in a storage vault and cooled by induced flow of air with the help of stack
(Fig. 9). Each location houses four canisters stacked axially based on the parametric study.
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Fig. 9: Schematic view of the Facility Fig. 10: Axial temperature variation along canister
centreline, canister surface, Thimbleand Ventilation pipe

Air from the inlet duct is introduced at the lower plenum of all the storage locations and flows
axialy through the annular gap between thimble and sleeve. The flow emerging from the top of
each storage location is combined at the top plenum and goes to the stack. The air flow in the
annular space between sleeve and thimble gets heated and rises due to buoyancy. The hot air
rises through the stack due to chimney effect and maintains the flow through the vault. Through
parametric study, stack dimensions, duct dimensions at inlet and outlet, plenum height, flow gap
between sleeve and thimble etc. have been arrived based on concrete and canister temperature
limitation. Analysis is divided in two steps; in first step converged flow rate has been obtained
based on the 1-D flow model. Thereafter detail temperature field within the canister has been
obtained using CFD code CFD ACE+ (Fig. 10). To validate results one miniature experimental
facility was planned and the results were vaidated at 11 T-Bombay.

Metallic fud for future FBRs

2-D thermo-mechanical analysis of Metdlic fuel (U+15 % Pu) for future fast Breeder Reactors
have been carried out [7]. These metallic fuel have merit with high breeding ratio beside power
production. The fuel consists of U-Pu binary alloy (containing 15 % Pu) cladded in T91 alloy
with Zr layer between the fuel slug and cladding material and helium gas in semicircular groove
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region. Two geometries (two and four groove, see figure 11) of fuel are considered for the
anaysis.
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Fig. 11: Schematic diagram of the cross-section of (U-Pu) metallic fuel

Smeared density of fuel with these grooves is about 85 %. The length of the fuel slug is 1000
mm. Thermal performance of the fuel has been evaluated based on maximum alowable Linear
Heat Rate depending on the maximum permissible fuel centerline and clad temperature. For
closed gap condition various models were studied for gaseous conductance and solid to solid
conductance. Parametric study has been done and effect of gas thermal conductivity and contact
pressure on gap conduction (gaseous and solid to solid) has been studied. Detailed temperature
distribution was estimated using Finite Element Method. Contact pressure between clad and fuel
slug due to differential thermal expansion was also evaluated with the help of finite element
method and gap conductance was modified accordingly. Contact el ements were used in-between
clad and fuel dug. It was found that LHR limitation is first reached based on maximum clad
temperature rather than fuel centerline temperature (see figure-12). Input data required for gap
conductance was obtained from various models available for gaseous and solid to solid

conductance.
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Fig. 12: Variation of fuel centerline and clad inner temperaturewith LHR (FEM analysisfor geometry with

four semicircular groove)

Flow Accelerated Corrosion Study

Flow Accelerated Corrosion (FAC) studies in Pipes and Elbows have been carried out for
number of geometries. Analysis was done using CFD software. In each case wall shear stress has

128




s BARC NEWSLETTER
a FOUNDER’S DAY SPECIAL ISSUE 2015

been evaluated. Wear rate can be obtained by knowing shear stress with the help of correlation.
FAC rate has been evaluated for RAPS-2 outlet feeders and Surry unit-2 feed water pipe failure
(Incident occurred in Virginia, USA) using Colburn analogy and compared with the Lister model
based on shear stress. Exact location of the pipe failure has also been predicted by CFD analysis
[8]. Fig. 13 shows location of the pipe failure which occurred on the intrados of the second
elbow of the feeders.
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Fig.13: Velocity contour plot

Thermal Test Analysis of Radioactive Transportation Cask

The transportation cask/packages are used to transport of radioactive material from one place to
other. The design of packages should satisfy the regulatory requirements for safe transport of
radioactive material. Different types of packages are used for transport of radioactive material.
The package should demonstrate its compliance to various tests under normal and accident
conditions, and in addition to the general design qudlifications as required by regulatory
authority. The overall objectives of all these tests are to demonstrate that the loss of radioactive
contents or dose to the public do not exceed the respective limits specified by the regulatory
guides. For thermal test, package should be tested on fully engulfed fire for at least of 30
minutes. A fire should be controlled to an extent that it sufficiently engulfs a test package and
develops at least the required minimum heat flux (based on the temperature of 800 °C to ambient
temperature) to the package.

A package may be thermally tested in a furnace if acceptable conditions in the furnace can be
achieved. Alternately, the same can be achieved by carrying out requisite thermal analysis. The
thermal analyses of a number of casks such as cask for transportation of Cesium source for
irradiation, calibration lab for calibrating wide range of radiation monitoring instruments, marine
product irradiator, and transportation of a coolant tube of PHWR etc. have been carried out in
RSD in the recent past as per IAEA/AERB guidelines. Temperature distribution and |ead melting
if any have been evaluated for norma and accidenta fire conditions. Analysis has been done
using CFD ACE" software. The analysis covers normal transport conditions, half an hour
external conditions representing fire and also the post fire cool down period. Fig.14 shows
temperature contour plot for Portable Research Irradiator (PRI) cask at the end of fire test.
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Fig. 14: Temperature Contoursin the PRI Cask at the end of firetest (30 minutes)
Joule heated Ceramic Melter

Thermal analysis of Joule Heated Ceramic Méelter (JHCM) has been carried out for AVS-1
(Advance Vitrifiaction System) and AVS-2 a Tarapur. In AVS, concentrated high level liquid
waste and glass former (in the form of granules) is fed into JHCM, where electrodes immersed in
the glass generates heat by the Joule heating due to electric current passing between electrodes
through glass. The vitrified product glass melted in the furnace is withdrawn periodicaly by
using a bottom freeze valve (centra or side drain) consisting of Joule heated section followed by
induction heated section into the stainless steel canister. Temperature at selected location were
compared for both types the melter for normal condition (without draining), and different melt
draining conditions (main drain and side draining). A temperature contour plot for side draining
case is shown in figure-15. This analysis had given insight for further improvement in the JHCM
design.

tttttt

Fig. 15: Temperature contour plot of AV S2 for side draining of glass
ADSS components

A linear accelerator comprising of Radio frequency quadruple (RFQ) and drift tube linac (DTL)
is being developed by BARC under LEHIPA (Low Energy High Intensity Proton Accelerator) as
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front end injector of the 1 GeV accelerator for the ADS programme. This DTL accelerates
protons from energy of 3 MeV to 20 MeV. In DTL particles are accelerated by longitudinal
electric fields at the gap crossings between drift tubes. The permanent magnet quad-poles are
placed inside the hermetically sealed drift tubes and provide a constant magnetic field gradient in
the beam aperture. The drift tubes are mounted concentrically inside the resonating DTL tank
and are attached to the tank body with stems. Heat is generated in each drift tube due to Joule
losses because of RF heating. Hence drift tubes should be continuously cooled to limit the
temperature and resulting therma deflection. Thermal deflection is required to evaluate
frequency shift in the cavity. Analysis was done using CFD code CFD-ACE’ as thermo-
mechanical coupled anaysis simulating conjugate heat transfer and thermal deflection. Each drift
tube have different geometry (higher length in axial direction) and heat generation rate. A
number of drift tubes for different tanks have been analyzed for thermal deflection, pressure drop
and temperature distribution [9]. Effect of flow velocity and change in the outer channel flow
gap has also been studied on drift tube temperatures. Based on feedback from thermal analysis,
outer channel size was suggested and the design was modified. Fig. 16 shows velocity vector
plot ininner and outer channel of drift tube.

[ P =~ R ..

Fig. 16: Velocity vector plot in a Drift Tube Fig. 17: Temperature contour plot for DTL tank

DTL tank is a very complex structure having opening for waveguide, vacuum port, cooling
channels etc. About 115 kW of power is dissipated due to RF heating which is to be removed to
[imit the temperature and frequency shift due to cavity expansion. The incident heat flux on the
wall is about 24 kW/m?. Heat transfer analysis was carried out for 3-D geometry and minimum
flow rate required to limit the temperature below the acceptable limit has been evaluated. Before
detail 3-D analysis coolant channels size optimization was done with the help of 2-D analysis
and modification were suggested. Fig. 17 shows temperature contour plot for the case of DTL
tank.

Closing Remarks

With therma analysis, CFD and suitably designed experiments, the relevant design and safety
issues related to nuclear reactor containment thermal hydraulics, flow accelerated corrosion,
thermo-mechanical analysis of metallic fuel, thermal analysis of ADSS components and fire test
anaysisin transportation cask have been addressed as presented in this paper.
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Introduction

The progress in material science today is charaeter by dramatic advances in our
understanding of the extreme states of matter. Dpueent of advanced techniques like high
power lasers and similar pulsed power systemg].-i@a beams, electron beams, capacitor and
inductive storage devices - have given rise to & field of physics known akigh energy
densitg/ physics (HEDP) [1]. HEDP deals with properties of mattevary high energy densities

~ 10" ergs/gm and very high pressured(® bars. Such systems occur in inertial confinement
fusion, stellar and planetary interiors, pulsed eowevices, impact loading for shock wave
generation, nuclear weapons etc. In all these systa large amount of energy is concentrated in
a very small region at a very fast rate leadingajmd motion of matter and generation of high
temperatures and pressures. The entire phenomenariog within a very short time period
inside a typical HED system is very complex [1].ghly sophisticated computer codes are
needed for numerical simulation of the whole probl€omputer codes for these purposes are
generally not available; commercially or otherwid#ost of the commercial codes available
pertain to some specific area of application amdret intended for use in the HED regimes. So,
these codes have to be developetouse.

The high speed motion of materials subjected to HHBBditions are governed by the equations
of hydrodynamics, which basically represent theseovation of mass, momentum and energy.
These equations are solved in conjunction withetipgation of state (EOS) of the material, which
acts as a closure relation in solving the hydrodynaequations. For simulating HED systems,
EOS should be valid over wide ranges of densityperature and pressure. Wide range EOS is
essential because, under HED conditions, matezaisget partially or completely ionized and
exist in the plasma state. However, the entire tratpre - density range spanned by HED
systems cannot be modeled by a single general@etlfa. It warrants development of different
models in different regimes to account for all #ffects properly [1].

We developed new models for the EOS which can bd ts generate global EOS tables which
will model the behavior of materials appropriatety various phases. These models were
extensively verified against experimental data dmehce can be used in hydrodynamic
simulations. We discuss our work on hydrodynameuations and development of wide range
EOS to study HED systems in the foregoing sections.
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Hydrodynamic ssimulations

The hydrodynamic equations [1] in the Eulerian faam be written as follows:

9P -
o O.(pou) =0 [1.1]
a(aﬁu) +0.(puu) = -0p+ pg [1.2]
%+D.(pEu) =-0.(pu)-0.H + pgu [1.3]
p=p(pe);e= E-u? [1.4]

where, p(r,t), u(r,t), pt,t), Er,t), €(r,t), Hr,t) and gf,t) represent respectively, density,
velocity, pressure, total and internal energy (peit mass), energy flux and external body
acceleration of the fluid at a given poinin space at a given time t. Equation [1.4] formall
represents the EOS. We developed a two-dimensi6uakdrian fluid code to simulate many
problems for a single-fluid ICF system based omdfla cell (FL1C) method [2,3].

Widerange Equation of state

In HED systems, rapid material motion generatesehpgessure gradients which lead to
formation of shock waves. The strength of shockesas decided by the pressure rise across the
shock front. Depending on the strength of the shweke, various phase changes occur in
materials which initially exist in the solid phas@r shocks of relatively lower strengths, solids
may only undergo change in structure instead afgoiver to the liquid, vapor or plasma phase

[1].

Properties of solids and dense fluids compressedhlogk waves are primarily governed by
strong inter-atomic interactions as one needs &ramme the repulsive forces which increase
rapidly as atoms are brought close together. Smpoession of solids require large amount of
pressure even in the absence of heating. Thistirermal pressure also known as the "cold"
pressure determines the basic behavior of matearnialse condensed phase. Materials are also
strongly heated by shock waves which results ineapmce of a pressure associated with
thermal motion of ions and electrons. For weak kbaaf strength up to ~100 kilobars, cold
pressure dominates over thermal pressure. As taegth of shock increases, thermal pressure
becomes significantly large [1].

Electronic structure methods coupled with MolecuDynamics and Monte Carlo simulation
have evolved to an extent such that these phasebecaccurately computed in principle. But,
the computational effort required for these caltafes being enormous, one needs to develop
simple models that capture the physics underlylhthase phenomena to generate global EOS
libraries.
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EOS in the compressive region

We developed the scaldainding energy formalism for the cold equation tdts. This was a
modification over the universal scaled binding e@yeformula proposed by Rose at al [4].
According to the authors, a universal relation exizetween the binding energy and inter-atomic
separation of a solid under condition of moderaggaasion and compression. We introduced
two modifications in the binding energy formula.€eTfirst was to include the equilibrium value
of pressure derivative of bulk modulus in the aradibinding energy formula. Secondly, the
universal binding energy formula was modified tokeé applicable at high compressions. lonic
contribution to EOS was determined by Gruneisen EXPSNe derived a new expression for the
Gruneisen parameter to account for the non-ceptdl of the interatomic potential. To obtain
the thermal electronic contribution to free eneiggmerfield model was used. Thus, a complete
EOS was formulated which was verified against gdanumber of available experimental data
viz. Hugoniot data, melting data etc. These weseutised in detail in reference [5, 6].

Shock Hugoniot data can be verified by solving Renkine-Hugoniot (RH) relations in
conjunction with the EOS. The RH equations repregenconservation of mass, momentum and
energy across a shock wave and can be writterllas/o

u= D(l—vi] . P,-P,=Du/V,; E,-E, =%(PH +P)(V V) 2]

0

where, V and Y represent the specific volumes of material, Dhigc& velocity and u is the gas
velocity [1]. Ry, E4 and B, Ey are pressure and internal energy behind and alfetle shock
front respectively. The Hugoniot curve is the loafisall thermodynamic states represented by
Pu, Eq and V attained by shock compression. We presentilgoniot curve for Al obtained
using this model in Figure 1.
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Fig. 1. Shock Hugoniot curve of Aluminum
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The ion equation of state used in this work wasetdasn a quasi-harmonic approximation.
However, in realistic situations, anharmonicitythee inter-atomic potential should be accounted
properly. So, we developed a mean field approaskdan the scaled binding energy formula.

Mean field theory for anharmonicity

In this approach, we assume that volume V is divieo a simple cubic lattice consisting of N
cells, with one ion in each cell. Each ion exectitesmal motion independently in the cell in an
effective potential g(s, V) generated by the neaglilg ions. The variable,’s’, denotes the
displacement of ion from its equilibrium positiorhe vibrational part of the partition function is
then given by:

— kaT e T N 43
zion—[z m} {[explg(sv) kTN d%) 3

where, m is mass of the lattice ion. This is alsovin as the cell theory approach. There are
several methods to calculate g (s, V) based onvgag additive inter-particle potential [7]. The
proposal of Wang and Li [8] is to compute it usihg 0-K isotherm, which can include even
three particle or higher order interactions. Thgsital basis [8] of this mean field potential is
that a lowest order Taylor expansion of g (s, V)si provides the three well-known equations
for the Gruneisen parameteft.‘In our work, we have used it in conjunction wgbaled binding
energy model to yield good agreement with experimenhe electronic contribution to free
energy was calculated using the McClosky formulactvhinterpolates between the ideal gas
limit at high temperature and the Fermi Dirac degate gas at low temperature, and hence is
suitable over a larger range of temperatures [Bg domplete EOS model was used to predict
the Hugoniot curves of many metals [9]. Apart frdms, some thermodynamic properties, viz.
thermal expansion, ionic specific heat and tempesatlependence of enthalpy of Al were also
calculated. We present the thermal expansion darval in Figure 2. This model was also used
to study the stability of shock waves at very hpglssures [10].
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Fig. 2: Volume thermal expansion curve of Aluminum
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Shock induced phase transfor mations

The EOS models discussed in earlier sections desanaterials which exist in a single phase.
These models were also used to predict phase boesdetween different solid phases which
may occur during shock compression. We obtainedrékalts for solid-solid structural phase

transitions occurring in Fe, Zr, Hf, Ti etc. Theask boundaries and the shock Hugoniot for Zr
are shown in Figure 3 and Figure 4 respectivelyasBhtransitions are characterized by the

appearance of a kink in the Hugoniot curve. Theskskare observed in the computed Hugoniot
curves of all the metals studied [5,6,9].
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Fig. 4: Pressure Hugoniot curve of Zirconium
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Melting curves

Melting curves represent the phase boundary betweesolid and liquid phases. In our early
work, we used the Lindemann's criterion to gendifagemelting curve [5,6,9]. According to this
criterion, a solid is supposed to melt if the iatemic displacements are ~ 10% of interatomic
distances [11]. But it is more appropriate to abtaelting curves by matching Gibbs free energy
of the solid and liquid phases.

The phenomenon of melting is indicative of anharition of interatomic potential. Although
mean field approach described in the previous @ecttould account for effects of
anharmonicity, it did not have a strong theoretlzais.So, we developed the cell theory with
embedded atom method (EAM) potential which incoapes presence of free electrons apart
from ion-ion pair potential term [12,13].

Free energy of liquid phase was developed usingrtanpation theory based approach known as
the Corrected Rigid spheres (CRIS) model [14].His tapproach, the free energy of a liquid

molecule trapped in a cage formed by nearest neiglkbis expanded about a hard sphere
reference system. Higher order terms in the peatioh expansion were obtained in terms of
average of the cold curve instead of the pair g@kenThen melting curve is calculated by

matching the Gibbs free energies of the two phHs&43]. The melt curve of Al is presented in

Figure 5.

()
o ,,:;;13/’/
6000+ o
Q * DDDD L
= ’DDDD
* 0
] SDDD o
—_ o
E S
< 4000
o g7 -0 Cell model+CRIS model
Q o7 ¢ Theory (Chisolm)
GEJ o Experimental data (Mehta)
[ 7 G Lindemann's law [Ross]
+~ 2000 % Lindemann's law [Gilvarry]
% { ® Molecular Dynamics data
Dislocation mediated melting
T T T T T T T

00 05 10 15 20 25 30
Pressure (Mbar)

Fig. 5: Mdting curve of Aluminum
EOS in expansion phase
The EOS models developed in the previous subsecpertain to the compressive phase only.

However, for developing wide range EOS libraries dise in hydrodynamic simulations, one
needs to explore the lower density regimes as Whls was done by extending the CRIS model
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to lower densities. The EAM potential was used tedct critical parameters for Al and the
entire low density phase diagram. Figure 6 repiissiie phase diagram of Al obtained using the
EAM potential [15].
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Fig. 6: Theoretical liquid-vapour phase diagram of Aluminum

The release isentropes of strongly compressed iaatprovide another way to characterize the
liquid-vapor phase region. If the medium has a gedace, the shock will 'unload’ on reaching
the free surface. The EOS of the material, startiogn the compressed state to the whole of
expanded states is needed to obtain the release @epending on the starting pressure and
temperature on the Hugoniot. Comparison with thasueed release wave parameters (pressure-
velocity profiles) will allow one to validate the(ES in expanded states. The release curve of Al
is presented in Figure 7 [16,17].
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Fig. 7. Release isentrope of Aluminum
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Conclusion

In this article, we presented a brief descriptibthe various aspects involved in formulating the
EOS of an HED system. We have improved and devdloges models to obtain a wide range
EOS. These models have been extensively verifigd) s®veral available experimental data and
can be used to generate global EOS libraries ®iruydrodynamic simulations at run time.

References

1. Ya. B. Zeldovich and Yu.P.RaisdPhys. Shock waves & High Temp Hydrodynamic
Phenomena, Academic Press, New York, Vol.-1&11(1966).

2. R. A Gentry et al.J. Comp. Phys. 1, 87 (1966).

3. C. Bhattacharya, and M. K. Srivastava, INS confeegf2005).

4. J.H. Rose, J. R. Smith, F. Guinea, J. Ferrditgs. Rev. B 29, 2963, (1984).

5. C. Bhattacharya and M. K. SrivastayaApp. Phys., 102, 64915 (2007).

6. C. Bhattacharya and M. K. Srivastavy&hys:Conf. ser., 208, 012004 (2010).

7. T. L. Hill, Sat. Mech.-Princ. & selec. App., McGraw-Hill, (1956).

8. L. Li, Y. Wang,Phys. Rev. B 63, 245108, (2001).

9. C. Bhattacharya & S. V. G. Menah,App. Phys., 105, 064907 (2009).

10.M. Das, C. Bhattacharya, & S. V. G. Menaoh,App. Phys., 110, 083512 (2011).

11.F. A. LindemannZ. Physik, 11, 609-612, (1910).

12.C. Bhattacharya, M.K. Srivastava and S.V.G. Merys. B, 406, 4035 (2011)

13.C. BhattacharyaAlRAPT-23 conference proceedings, P36, 254 (2011).

14.G. I. Kerley,J. Chem. Phys., 73, (1,2,3), 469-494, (1980).

15. C. Bhattacharyail P conference proceedings, 1512, 52 (2013).

16.S. JiuxunJ. Phys.: Condensed matter, 17, L103-L111, (2005).

17.C. BhattacharyaComputational Materials Science, 82, 274 (2014).

140




BARC NEWSLETTER

: -.1{‘:‘/"
FOUNDER’S DAY SPECIAL ISSUE 2015

ECONOMICAL ROUTE SYNTHESISOF HALOGEN-FREE
ORGANOSILICON PRECURSOR AND NANOCRYSTALLINE SILICON
CARBIDE DEPOSITION BY LOW TEMPERATURE MOCVD

Jyoti Prakash
Powder Metallurgy Division

Shri Jyoti Prakash is the recipient of the DAE Young Applied
Scientist/Technologist Award for the year 2013

Abstract

There is a huge requirement for development ofailcg technique in nuclear industry, which is
made of environmentally safe chemicals, shouldasy end economical. In this view, halogen
free, non toxic and non corrosive silicon carbideqursor was developed using a simple two
step synthesis route. Uniform coating of SiC wakaiabd on graphite, C-C composite and
zircaloy substrate at 900 °C using synthesizedyrssr. Optimized parameters used for coating
were derived from the simulation of gas phase dyogin specially designed chemical vapor
deposition reactor. The X-ray diffraction and scamgnelectron microscopy analysis show that
dense, adherent and impervious nanocrystalline #i@ was deposited using synthesized
precursor.

Introduction

Silicon carbide is most widely used material esgl&cior corrosion resistance applications such
as in high temperature/nuclear reactors. In nudlerstry, it is of interest for use as a layer in
tristructural isotropic (TRISO) fuels, layer on atoy, insulating material in nuclear fusion
systems such as separators, or insulating flow reHaimserts, between tritium breeding and
neutron multiplier materials composing Li—Pb blankedules. In addition, properties such as
high thermal conductivity, high hardness and st mechanical strength at elevated
temperature, low coefficient of thermal expansigood dimensional stability under irradiation,
small neutron capture cross sections, low denk#y bther ceramics, and resistance to wear and
abrasion make SiC ideally suited for a vast numbkrapplications, especially in high
temperature and nuclear reactors.

In past many SiC coating have been produced bgtHe technique, however, most SiC coating
deposited have been grown at relatively high teatpees of 130@- 1380C and at
atmospheric pressure, using separate precursorSif@nd C and single source precursor
Methyltrichlorosilane (MTS). The high temperaturepdsition results in the introduction of
structural defects in the layers and difficultiesthwusing the system. Besides the above
constraint, MTS decomposes under typical SIC CVIdawons producing corrosive HCI,

141




s BARC NEWSLETTER
a FOUNDER’S DAY SPECIAL ISSUE 2015

SiHCI;, SiCk, SiCl,, and CH as well as other silanes and hydrocarbons. The-RIVB gas
phase products of chlorine can migrate in layer extlice defects in layer. Therefore, it is
worthy to employ a source that is not pyrophorohen free, decomposes at low temperatures
and contains only silicon, hydrogen and carbon atom

In the present study an economic and simple metbhpdynthesis of potential organosilicon
precursor of SIC has been reported. The procesmmaters have been optimized for bulk
production of this precursor. SiC film was depasitn the zircaloy substrate using specially
designed low temperature metallorganic chemicalowvageposition (MOCVD) process. A

computational study was carried out to identify tbeset of transverse buoyancy-driven
recirculations during laminar flow of argon gasvertical cylindrical reactor. The motivation for

this work stems from the need to identify operaticmnditions maximizing the thickness
uniformity, the interface abruptness and the prsmuwtilization during growth of films by

MOCVD.

Materials and methods
Synthesis of organosilicon precursor

Silicon powder (Sigma Aldrich make, 99% purity, 32200 um size) and anhydrous methylene
chloride (CHCI,, sigma Aldrich make) were used as the reagents difect synthesis procedure
of organosilicon compounds by the reaction of mietig chloride with silicon was used in the
current process. The methylene chloride was dnedl sodium and silicon powder was charged
in hydrogen atmosphere at 1100 °C for 2 hours gogeaction. A fluidized bed reactor (quartz
tube: 50mm @ x 1000 mm L) was used to carry oustmhesis. The experiments were carried
out in single stage (20 gm scale of silicon powd&he methyl chloride was passed through
peristaltic pump to the pre-heater zone and theragas swept away the vapors of methylene
chloride to the silicon powder fluidizing hot zongfter reaction, products were collected in
liquid nitrogen cooled condenser. The process blsasuch as reaction temperature, methylene
chloride flow rate, argon flow rate and reactiomeiwere optimized for maximum yield of the
organohalosilane product. The organohalosilane comgs were later on reduced with lithium
aluminum hydride to obtain the organosilicon compasl From this mixture of organosilicon
compounds, volatile fraction was separated at 2080°8€ used for SiC coating. The volatile
fraction of compounds used for SiC coating is ablted as CVDP throughout paper.

Deposition of SiC solid film on Zircaloy sheet

SiC coating experiments were carried out using iajgadesigned CVD reactor. The reactor
consists of a vertical tube with a circular crosst®n and a heated side wall as shown
schematically in Fig. 1. The purpose of choosingical CVD reactor was to get uniform
coating on all surfaces of a 3D object. Simulatidrgas-phase behavior in specially designed
CVD reactor was carried out using computationall,té@@OMSOL version 4.4. The axial
temperature, gas velocity and precursor conceotrgtrofile were generated. The input data
include the physical model parameters such as tenpe, pressure, inlet velocity, and the
mixture concentration at the inlet. The SiC coatimgthe different substrates were carried out
using optimized parameters derived from the contjutal analysis.
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Fig. 1: The schematic of metalloorganic Fluidized bed CVD reactor used for SiC deposition

Results and Discussion
Synthesis of oraganosilicon compound

Two stage reaction occurred during synthesis cdmogilicon compound is as follows

CH,Clyg,) H,CLSiCH,SiH,Cl, + H,Cl,SiCH2SiCH2SiH,Cl,

* Sk T=2000C .
+ (ClelCH2)3 etc.

where x+y=3

Lithium Aluminum Hydride (LAH)
(Butyl diglyme)
T =50°C

H,SiCH,SiH; + H3SiCH,SiCH,SiH; + (H,SiCH,); etc.

The first stage involves the reaction of vapor dtimylene chloride with silicon powder. The
organohalosilane produced in first stage were cosel and collected. The unreacted methylene
chloride and other highly volatile silane produegtsre removed by distilling the condensed
product at 170 °C in atmospheric environment. Ttgaoohalosilane compounds were mixture
of H,CLLSICH,SiH,Cly, H,Cl\SICH,SICH,SiH,Cl,, (CLSICH,); etc. The second stage involves
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the reduction of organohalosilane compounds withium aluminum hydride (LAH) and the
reduced compounds were mixture ofSHCH,SiH;, H3SICH,SICH,SiH3, (H.SICH,); etc and
higher molecular weight polymer viscous compouriise optimum parameters deduced for
highest production rate were first stage reactnperature: 400°C, dicholoromethane flow rate:
0.25ml/min and argon flow rate (minimum fluidizinglocity for silicon particles of average
particle size of 185 pum): 500 sccm. Organohalosilemmpounds were synthesized using these
optimized parameters in first stage and furtheruced in second stage to get mixture of
organosilicon compounds (CVDP). The IR spectra icomd that the CVDP precursor was
mixture of different organosilicon compounds such &SiICH,SiH3, H3SICH,SICH,SiH;3,
(H2SICH,)3. The CVDP precursor was low viscous colorlessitiqirhis CVDP precursor was
further used for SiC coating.

Coating studies using synthesized organosilicon compound

Computational analysis of specially designed MOCVD reactor

Computational simulation using COMSOL Multiphysi®®rsion 4.4 were performed for a
variety of operating conditions to observe the flmside reactor and to predict the operating
condition for uniform deposition and higher growtite. The temperature profile and velocity
profile inside tubular reactor at different fluicelacities (represented in terms of Reynolds
number,Re) were simulated. The computations indicate that,alorupt temperature changes
along the reactor and substrate wall (worst-casaas) will not occur if the following criterion
is satisfied:
27< Re <270

The overall effect of fluid velocity, heat flow almdncentration profile showed that Re = 54 is
the optimum reaction condition for present MOCV[3teyn.

Experimental studies on SIC coating using specially designed MOCVD reactor

SiC coating on the graphite, C/C composite andalosc substrates were carried out using
computed optimized parameters. The experimentahnpeters used were: Temperature of
deposition: 900 °C, Argon flow rate: 2 Ipm, pre-tezdemperature: 200°C and time: 30 min.
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Fig. 2: XRD pattern of the dense SiC coating using CVDP precur sor
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The substrates were covered with a light gray cdemse layer after coating. The XRD pattern
(Fig. 2) showed the reflections from (111), (200 #220) planes correspondingsiC phase.
The orientations and degrees of crystallinity i@ 8iC films were analyzed by XRD.

Fig. 3: SEM image of the dense nanocrystalline SIC deposit on zircaloy substrate (a)(b)(c) surface
mor phology at different magnification (d) cross sectional view of SIC coating

CVvDP

Fig. 4: SEM image of the dense SIC deposit on graphite substrate (a) surface morphology (b) cross sectional
view of SIC coating
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The deposited 10-12um SiC film (Fig. 3d) on zirgakheet was crystalline, with (111) face
growth having the most intense reflection at 2qugabf 35.5 (Fig. 2). The full width at half
maximum (FWHM), measured from the various reflewsigl11), (200) and (220) of SiC coated
zircaloy sheet surface are 0.69, 0.508 and 1.14Rectively. The average crystallite size was
evaluated using Scherrer’'s equation and was foarmet22.5 nm. This values of the grain size
suggested that the coating is composed of nanatiigst SIC. SEM micrographs of the coated
zircaloy sheet at different magnifications are showFig. 3. The SiC deposition on the zircaloy
surface was homogeneous with dense grain depasikio® cross sectional SEM images show
that the coating adhesion on the surface was stamgo detachment of the coating was visible.
SEM image (Fig. 4) of the dense SiC deposit on lgtapsubstrate shows dense, adherent and
uniform coating. The XRD and SEM results revealeat the use of CVDP precursor yielded
dense SiC films.

Conclusion

An easy synthesis route has been reported for patgrecursor of SiC. The potential SiC
precursor is non toxic, non corrosive and easy aadte. It is stable in atmosphere and
completely volatile upto 200°C. Dense nanocrysialliSIC film was deposited using this
potential precursor on graphite, C/C composite airdaloy sheet. The low temperature
MOCVD coating has been developed to uniformly dbatsubstrate. The present report on the
development of halogen free SiC precursors andvidgrinanocrystalline SiC from such
precursor has show a new path for the birth ofex-treendly and eco-friendly synthesis and
deposition process. In near future the developedyssor will be used to coat the large and
complex geometry nuclear structural materials. Harrtrealistic modeling of the deposition
process combining detailed chemical reaction kisetiith transport models will be developed.
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Introduction

Assay of nuclear waste drums is required for dension its disposal, safe transportation,
permanent storage as well as nuclear material atogu Manual inspection of opened drums
for an assay is a risky, time-consuming, and expensoposition. Traditionally, the drums are

inspected by conventional transmission radiogramhiomography. However, these techniques
do not yield information about the radioisotopeside the drum, but just on the material density.
Gamma spectroscopy in open geometry or segmentacthgacanning can be performed to this
aim, but to improve accuracy and provide informat@bout the spatial distribution of the

radioisotopes, an active and passive computed tapbyg (A&PCT) technique is best suited.

Principle of Active & Passive CT

Active and Passive Computed Tomography (A&PCT)ne of the most efficient techniques for

characterization (source strength estimation) awdlization of radioisotopes in nuclear waste
assay. It uses the decay of radioactive isotop@ndge the spatial distribution of the isotope as
well as to determine their source strength or @gtihe A&PCT method consists of two steps
to perform an assay: Active CT and Passive CT.

collimator

detector

#*

External Active source

Sample

manipulator
Fig.1: Schematic of A&PCT set-up for waste assay
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In active CT, attenuation map of the object is wigd. This is similar to conventional X-ray CT
but it uses an external gamma source (instead rafy)Xand the spectrum is recorded using multi
channel analyzer (MCA). It differs from conventib@T scanners in that it discriminates
between photons of different energies. The gamnuaceoused for active CT has, generally,
multiple emission energies. The reconstructionltesuwe a discrete quantitative measurement of
the linear attenuation coefficient at each energasured, i.e., there has been no integration over
the energy spectrum. Thus active CT images hawdgikat represent the absolute measurement
of attenuation at specific energies. For a wastendrthe attenuation due to its contents is
accurately measured in three dimensions and disglag a sequence of two dimensional images
at different z-planes (or elevations) of the driinergy specific attenuation maps are then used
to determine the attenuation map of the objectesponding to the emission energy of the
radioisotope (inside the object) to be imaged Ibgrpolating the above data.

Passive CT is used to measure and determine th#dngcidentity, and strength of radioisotope
sources within an object. The ray sum for passive (&@lso called Single Photon Emission
Computed Tomography (SPECT)) is the counts measardisintegrations per unit volume per
unit time of the passive source within the objddterefore, a single-photon-emitted ray sum is
the integrated radioisotope activity, modified biyeoor multiple of exponential attenuations,
along the path from a source position within thgeobto the detector. The function that is
imaged for passive CT is the measured gamma-rayitgcat one or more energies of all
detectable radioisotopes within the object. By cwnnlg active and passive measurements,
corrections can be made to account for the efteat the waste contents have on the internal
radioactive emissions. The corrected gamma-raytispean be used to identify, localize, and
assay all measured radioisotopes present in thaioen

Mathematics of SPECT
Consider a vectok =(x,y) in a two-dimensional Euclidean space (Fig.2). £€K) denote the

distribution of radioisotope activity angl(X) denote the attenuation map of the surrounding
object.

Fig.2: A typical SPECT set-up in parallel geometry
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The attenuated 2D Radon transform at energy Edllel beam geometry is of the fdrm

—fy(sgﬁgD;E)dr

[O0ut](86:E)=g(s.6E)= | f(f+18":ER’ t a

— (cosf — -sing
where 6 =| | , "= ! and D, (X,@;E) is the divergent beam transform of
sin@ cosd “

co K
U(X;E)in the direction of ?ﬁ:[si:ﬁ defined as D,(X,; E)zj,u(i+ p@; E)dp
0
whereu(X; E) is the linear attenuation coefficient at energy E.

In matrix notation, the SPECT problem can be wmitis

g = Af (2
gl all a12 " . a'ZlN fl
9, & ... f,
or, o= G : 3)
gM al\/l 1 " " " aMN fN

where g € R"*! js the observed projection datd, € R"*" is the probability system matrix
and f € R"*is the vector of unknown spatial density distribatiof nuclear disintegration

events resulting in gamma emission in the objebe $ystem model can take into account
various physical factors involved in the detectijmmocess — attenuation, collimation, scatter,
distance-dependent fall in intensity, transmissfoough collimator, etc. All these factors can be
modeled into the system matrix. The attenuatioriofars modeled using the attenuation map
obtained in the active CT step. The problem thuduces to solving the linear system of
equations (2).

Reconstruction Algorithms

Mathematically, reconstruction is an inverse probléhe aim is to find vector of unknowns
from the measured observableéy solving a system of linear equations. Reconsbmc
algorithms generally employed for solving SPECThtem can be divided into two classes:
Analytical and Iterative Reconstruction Techniques.

The analytical approach assumes noiseless datdealcollimator, no attenuation and no scatter
of gamma radiation. These assumptions can makergbenstruction result an inaccurate
representation of the true activity distributionhefefore, additional data filtering and post-
processing are necessary. The most commonly usédodhés the Filtered Back Projection
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(FBP) algorithm.In this approach, the projections are filteredhia frequency domain and the
filtered projections are backprojected in the spatbmain.An analytical solution of Eq.1 was
first provided by Noviko! as follows:

2 .
f(x)=— Re{D [ alercarncyenags o)l |, de} (4)

0

whereh(s, 9)——(I +ig)[O 4] (s,6) and[7£¢](s, 9)—— o, J'S—H)ds

with i =-1 . | is the identity operator# is the Hilbert transform with respect to the seton
parameter ango.v. denotes Cauchy principal value of the integralis the divergence operator.

The iterative approach® allows a complex model of gamma radiation intécacto be taken
into account including the effect of collimationdascatter as well as statistical variability of
measured data. These are recommended for quasiiatage analysisvhich is crucial, for
example, in waste assayhe algebraic reconstruction techniques includepEm\RT, SART,
SIRT, etc. The statistical reconstruction technig@akes into account the Poisson statistics of
radiation. The techniques include MLEM, OSEM, MARHEetc.

One of the commonly used iterative techniques fwonstruction of Passive CT data is
Maximum Likelihood Expectation MaximizatigMLEM) technique. The MLEM formulation is
mathematically stated

N fk ™
£t = Z 3,
5
2 a1J i=1 E a1J fk ( )

Experimental set-up

In order to demonstrate the capability of doingvacand passive CT, an experimental system
has been set-up at Purnima Labs (Fig.3). It casisthe following:
» Sample Stage

» Sample / object matrix with (passive) source

» Detector and associated electronics

» Collimator

» Data Acquisition system

» (External) Active source (for transmission measuaetn

For the experiments, a mock-up waste drum (580mametier and 850mm height) filled with
cotton waste/gloves/tissues is used and radioreidamples are placed at different locations
inside the drum.
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. . )
Active source®® Collimator

(collimated) R D%%
— g -. - f=

Fig.3: Experimental A&PCT set-up for waste assay

Experimental Results

Various experiments have been carried out usirgdei-up. Some of the results are presented
below:
(a) Parallel Beam Geometry

<l JQII .

Fig. 4: (a) Active CT data for three different slies (top to bottom) at different energies (from lefto
right) — 121 keV, 244 keV, 344 keV, 444 keV, 778 ¥gb) 3D view of reconstructed™>’Cs activity

Three'*'Cs sources are placed inside the drum at diffdostions. Transmission computed
tomography (TCT) of the drum is carried out usingeenal *>Eu source. The TCT data are
acquired for different energies (121 keV, 244 k8%4 keV, 444 keV, 778 keV and 867 keV).
The attenuation map is reconstructed for each gnesog Filtered Backprojection algorithm.
Fig. 4(a) shows the reconstructed TCT data foretlstees at different energies.
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The attenuation map for 662 keV (emission energ$RECT) is interpolated from these data.
This attenuation map is then used for attenuatempensation. For Passive CT, projections are
acquired with LaBy(Ce) detectors at 36 angular locations and 24dhfositions for each z-
position. In the vertical direction, 34 z-positioage scanned. Reconstruction is done using
Filtered Backprojection scheme with attenuation pensation based on Novikov’s Inversion
Formula. The reconstructed 3D volume is shown gn &b).

(b) Fan Beam Geometry

The schematic experimental arrangement for fan-bgaometry is shown in Fig. 5. It has the
advantage of performing Active CT with single aetsource and multiple detectors.

Shiiclding
Seperating
callimaiors

Detectors

Fig. 5: Schematic arrangement for multiple detectoA&PCT scan in Fan beam configurations

Fig. 6(a) shows the attenuation map of drum costdfig. 6(b) & 6(c) show the reconstructed
137Cs activity using Analytical and 2D MLEM techuoésg respectively.

(@) (b) (©)

Fig. 6 (a): Reconstructed attenuation map (b) & (cAnalytical and 2D MLEM reconstructed volume
showing**'Cs activity respectively
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(c) Imaging of 2*%Pu
Experiments were performed for imaging®®Pu in waste drums using A&PCT technique.

(a) (b)

Fig. 7 (a): Reconstructed 3D attenuation map (b) &c) Reconstructed 3D activity map showing*’Cs and
2%y activity respectively

For the ACT measurement, the external gamma s@nde single LaB(Ce) detector are used.
The attenuation map (at 414 keV) is shown in Fg).7For the PCT measurement, the external
source is removed and gamma rays emitted from mvithe drum are recorded by three
collimated LaBg(Ce) detectors. Data is acquired at 24 lateraltjposi and 12 angular positions
over 360° for each z-position. In the vertical diren, 33 z-positions were scanned. Each slice
thickness is 25mm. The 414 keV peak fré#Pu is used for PCT reconstruction. Fig.10 (b)
shows the reconstructed 3D volume. The radioisotagivity distribution can clearly be
observed.

(d) Fully 3D Reconstruction

For 2D reconstruction, system matrix is construdétedh single slice and the corresponding slice
is reconstructed. The 3D activity map is obtaingdvertically stacking the respective 2D
reconstructed slices. It is assumed that all photamts in a particular row of the planar image
are due to photons emitted from the slice at sagighh However, the projection data has
contribution from other voxels also which are l@chin other slices. In fact, each detector or
projection bin accepts contributions from a con@sehdimensions depend on the shape and size
of collimator holes.

For fully 3D reconstruction, 3D system matrix cepending to 3D collimator is generated for
the whole object. This method requires large s@igeace for matrices, is computationally quite
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intensive and much harder to implement. Howevdly 8D reconstruction should reduce both
intra-slice and inter-slice blurring.

ﬁ_‘l* E :
@

a b c

Fig. 8: Reconstructed activity for SS drum sampled) FBP (b) 2D (Stacked)MLEM (C)

Fig. 8 (a), (b) and (c) show the 3D view'dfCs activity distribution using analytical, 2D MLEM
and fully 3D MLEM reconstruction respectively (fahe sample in Fig.4). The effect of
collimator blurring is clearly evident from thesmages. For fully 3D MLEM reconstruction,
(Fig. 8(c)), both inter- and intra-slice blurringeareduced considerably and the point source
appear point-like.

Conclusion

The development of an active and passive gammasemisomography technique has been
reported. This technique can be used for non-detsteuassay of nuclear waste barrels. Some
experimental results wit'Cs as well a§*Pu sources have been presented.
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Abstract

Pulsed Modulators required for RF sources, based on klystrons and magnetrons, for RF electron
linacs have been designed and developed at Electron Beam Centre, APPD, BARC. Electron guns
in these linacs have also been powered by pulsed modulators. Line-type modulators, as well as
IGBT-based solid-state modul ators have been developed for these applications. A 150 kv/100 A
line-type modulator has been tested on klystron to generate 7.5 MW peak RF Power. Magnetron
modulator rated for 50kV/120A has been tested for long term stability at full peak and average
power ratings of the magnetron. A proof of principle Solid-state modulator, using fractional-turn
pulse transformer has been designed, developed and tested successfully on magnetron load up to
output power of 1.3 MW peak. In addition, line-type modulators for electron guns up to 85 kV
have been successfully commissioned and are in operation in the linac systems. This paper
activities of the APPD towards development of subsystems for the indigenous development of
pulse modulators.

Introduction

Industrial electron RF linacs [1] including the MV RF Linac and 3 MeV DC Accelerator,
have been indigenously designed and developed eatAfPPD, BARC. Several industrial
applications such as plastic modification, semicmbolr irradiation [2] have been demonstrated
with these accelerators. A prototype 6 MeV & 9 M@\acs as X-ray sources for cargo-scanning
have been built for imaging experiments. ThesecBnaperate in the pulsed mode, which
requires the use of pulse modulators for the RFcgoas well as the electron guns. The design,
development, testing and operation of various poisdulators are presented in this paper.

Development of Line Type M agnetron Modulator
A magnetron modulator has been developed by APRIxdaditioning of magnetrons being

developed by CSIR-CEERI, Pilani. The modulatorasigned for an output pulsed voltage of 50
kV (-ve pk) and current of 120 A (pk), with pulsédih of 4us and repetition rate of 250 Hz.
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The schematic of the magnetron modulator is shawkig.1. This is a line-type modulator,
using a Pulse Forming Network (PFN). During therghey cycle, Constant Current Power
supply (CCPS) is used to charge the PFN capac@ansng the discharge cycle, the thyratron is
triggered and the PFN capacitors discharge thrabhghstep-up pulse transformer into the
Magnetron. Magnetron is connected as load at tlwensiary of pulse-transformer. The VI
characteristics of magnetron are highly nonlinemuivalent to biased diode).Hence the output
pulse voltage/ current range is very narrow. Theuhator is tuned to have best performance for
a load of 41%).

The modulator has been tested on a equivalent rtragnkead (Faza make MI456A) at 49kV/
95A, 4 us, 250 pps for a continuoperiod of 8 hours. Fig.2 shows the view of the matdw
Rack and the HV Pulse transformer connected td/gnetron.

jﬁ. Zpey- N Stage
c Dg I l
c b
¢ R T_T
5 s Dyan Pulse
Transformer
I
- Rsrmh% C
Thiyratron
I— Coam I LOAD
1 Rran
Grid j —é—
Trigger HV Transmission line

Fig. 1. Schematic of Linetype Magnetron Modulator

Fig. 2: View of Magnetron Modulator and Pulse Transformer Tank

The salient features of the development of magnetrodulator are listed below:

1. Design and Development of 1:5 HV pulse transform locally available Amorphous
Cur C Cores (Fe based 2605SA1,Hitachi metglass).

2. Programmable sensitivity for ARC trip: It is podsilto program the number of arcs that
can be tolerated before tripping the modulator. Bomwell conditioned tube, the
manufacture allows typically 25 consecutive archisTmodulator will be used for
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conditioning of the magnetron being developed alRSGEERI Pilani. Hence the user
has been given the option to set the number ofvelioARCs in 4 sec (1 arc- 40 arcs),
hence the modulator sensitivity to arcing is usfimed.

3. Two set point operation possible, enabling the reigin to pulse at two different RF
peak powers for alternate pulses. This featurelveluseful for dual energy operation of
the Cargo Scanning Linac (6/3MeV, for material distation).

Design and Development of 1:5 HV Pulse Transformer

The HV Pulse transformer shown in Fig. 1, is thejomaomponent affecting the pulse
characteristics. These pulse transformers aretitvadlly implemented with 2mil or 1 mil Si
Steel Cores. These cores are not readily availatitee country. This Pulse transformer has been
implemented with locally available Hitachi metgl&805SA1 Fe based Amorphous Cut C cores
(AMCC1000). Two pairs of this Cut C core are usedE construction. Fig. 3 shows a view of
the pulse transformer assembled in the Lid moufasigion.

The primary consisting of 9 turns is implementethgsa rectangular copper wire of ~ 4mm x
2mm cross section area. The 45 turns secondamptemented in bifilar construction using
enameled copper wire of SWG17. The primary has Wepered to minimize the leakage
inductance. The measured leakage inductance adrseethe primary is 10uH, the magnetizing
inductance as seen from the primary is 2.5mH. T$tilbuted Capacitance is 60pF, as seen from
the secondary. The rise time across a resistivedbd00 ohms was measured to be < 500ns.The
transformer along with the filament heating transfer is housed in an oil tank as shown in Fig.
3, and is kept in the close vicinity of the magaoetas seen in Fig 2. The max rise in the oll
temperature was < 10 deg C when the modulator weasated at full rated specifications for 8
hours.

R Arplitude

Source

Fig. 3: 1:'5SHV Pulse Transformer Fig. 4: V/I acrossmagnetron at 250 pps
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Fig. 4 shows the pulsed voltage and current wawedorCH1 indicates a pulse voltage of
48.8kV. The probe used is lwatsu make 2000X HVRpfifbe. The CH3 and CH4 show the
pulsed current through the magnetron. This curhast been measured in the HV side and the
LV side, using a Current transformer as is seehign 2. The measurements indicate a pulsed
current of 96A. The peak RF power from the magmetsmas measured to be 2.7MW, and in
agreement with the manufacturer’s data sheet

Design studies of a prototype Solid state magnetron M odulator

A prototype solid state pulse modulator based a@udtion Adder Topology has been designed
and is currently being tested on an S Band Pulsaghetron rated for 3.2MW Peak RF Power.
After successful lab tests the modulator is intenfite use in cargo scanning and radiography
applications. Currently the topology consists ofnds. of single turn primaries driven
independently at voltages of ~1000V. The secondagyrcles all the four primaries to generate
the desired pulsed voltage across the magnetroe. dBsigned output pulse parameters are
50kV, 120A, 4 us, at a pulse repetition rate of pp8. The peak electrical power delivered to
the magnetron per pulse is ~6MW. The modulatoresighed for at-least 8MW of pulse power.
There Split core pulse transformer has four priesarndependently driven by their respective
power modules. Each module is a 1kV pulse sourgdeimented as shown in Fig. 5. The IGBT
used is a 1700V, 2400A IGBT. The 200uF/1100V enexigyage capacitor is implemented by
two Axial type Metalized polypropylene Capacitoiihe electrical connections between the
IGBT, Capacitors and diode are implemented by loductance strip line geometry. The pulse
transformer construction is oil free and uses epmasting.

Storage nman Circuit 1/4: 14 HV
Capacitor e r ¢ A Pulsé\Transformer
nC -
pomer l 1 Magnetron
Supply ; e |
s midules :':
| & *
| r 1
,;_-ln——_ﬁﬁl. vomage | BT P8 oo &
IGBT stack pulse xfmr

Fig. 5. Schematic of the split core Solid state
M odulator

Fig. 6: Testing on Resistive Luoad

S~

The split core pulse transformer also referredrastibnal turns transformer has four primaries,
each implemented by using a single turn foil wigdof 0.3mm thick Copper. The secondary
consists of 14 turns of SWG16. The secondary isifitar type, so as to allow filament heating
power to the magnetron. The 8 turn Reset windinghensecondary is implemented by using
SWG14 enamelled copper wire. The entire secondaagéequately screened and epoxy potted,
so as to allow QOil Free construction of the pulsamdformer. The pulse transformer core uses 4
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pairs of Amorphous Cut C cores (2605SA1). Each toexcited by its own primary. The cores
are arranged such the transformer is in E typeigorgtion. The estimated flux swing is ~ 1.5T.
Hence the cores are biased at ~ 0.75T, so as tohgebest pulse permeability. The pulse
permeability of the core was evaluated separataly was confirmed to be ~ 3500 for the
required flux swing, if the core is biased at ~751.

The Prototype pulse modulator was assembled atebites a resistive load of 4Q0 with very

low inductance of <1pH. Fig. 6 shows the view oé ttest setup. The Pulse \oltage was
measured to be 30kV at DC voltage of 545V. The Rise measured was < 300ns and the
backswing is negligible, as shown in Fig.7. Whes Blulsed voltage was increased from 10kV to
30kV the rise time did not change significantlywlas tested at higher voltages also, but the

probe was removed as the limitation of the prob40OisV. Fig. 7 shows the voltage across the
load.

Trig'd 1 Pos: 1,340 us MEASLIRE L teady P Pos: 1,300 05 MEASLIRE

CHT .~ 1.40kY
10-Aug-135 14:26 <10Hz

Fig. 7. Modulator output acrossresistive load at 15kV and 30kV pulse Voltage

After testing on Resistive Load, the modulator veasmnected to the e2v make magnetron
MG5028. The electromagnet current of the magnetwas set for 130mT Field. This
corresponds to the operating point of 38kV/ 168Ae Thagnetron output was terminated on a
water load. The waveguide line consisting of orreafional coupler was pressurized with ~ 20
psi of SF6. The filament was heated at the ratednpaters and the pulse voltage was slowly
increased. At \oltages much below the Hulls Cutdffe magnetron offered very high
impedance, and hence the output showed significaging, as shown in Fig. 8a. As the
magnetron pulse voltage was increased further thgnetron current increased and the pulse
shape improved significantly, as indicated in BQ. The magnetron was tested up-to ~34KkV,
100 A and the peak RF Power was measured to b6MV.maximum using Diode Detectors
Fig. 8 indicates a rise time < 350ns and backswing 3kV. The e2v make magnetron was in
regular use and hence well conditioned, hence tivere no ARC events. The testing was done
up-to 30pps for around 15 min and the pulse shagestable. The yellow waveform (CH1) in
Fig. 8a and 8b is the magnetron voltage and CHBasmagnetron current. Fig. 9 shows the
pulser being used for conditioning of buncher linBoe e2v make magnetron was disconnected
and the FAZA make 2.7MW magnetron MI456A was come@do the modulator. It has an
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operating point of 50kV/100A. With this magnetrasting was done up-to 43kV, 70A pulse. The
magnetron required some conditioning and there weBeARC events, but the modulator did-
not indicate any damage.

ME&SLRE L i Trig’ i s ME&SLURE

CH1 G.00kY 14 500ns
f asition 316 divs

Fig. 8a: Modulator output at voltage much lower Fig. 8b: Modulator Output on €2v magnetron
than Hulls Cutoff M G5028

Fig. 9: Modulator used for powering the e2v make magnetron M G5028 used for buncher Linac Conditioning

Commercially available gate drives were used fas thsting. These commercially available
Gate drives were slightly modified to restrict thRC current, however they are not suitable. An
improved Gate Drive has been designed, fabricatetl ia being tested. The CCPS for the
modulator has been designed and is under fabngaiitater cooled heat sinks will be used for
more compactness.
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Development of Linetype klystron Modulators

Pulsed modulators have been designed and buitidibr single-beam and multi-beam klystrons.
A 150kV/110A/7us/250 Hz line-type modulator, shoinnFig.10, has been successfully tested
on the klystron load. The indigenously developete@aransformer for this modulator is shown
in Fig. 11. Peak RF power of 7.5 MW and averagegyosf 7.5kW has been achieved at the
output of klystron. The pulse transformer alonghwihe Blocking Inductance in the Core
Biasing circuit have been indigenously developedgi2605SA1 Fe based Amorphous Cut C
Cores. The transformer uses a bifilar winding togglwith tapered Secondary so as to reduce
the leakage Inductance.

Fig. 10: M odulator with éi‘nglebeam klystron Fig. 11: Pulsetransformer (1:10.7) for 150kV/110 A
on test klystron modulator

Linetype Modulatorsfor Electron Gun

Line type modulators are regularly used for drivjugsed high power microwave tubes such as
klystrons and magnetrons. The operating point eseldevices is fairly fixed, hence the line type
modulator is designed for a fixed impedance. Howelre case is far different in the line type
modulator designed for a high impedance Electran gine type electron gun modulators have
been developed by APPD and being routinely usegdarering the Triode Electron Gun of the
linear accelerator. The beam parameters of suck gum user defined and the pulse current
varies from few mA to 1 A (typ). The beam energieguirement varies from 40keV to 80 keV.
Hence the impedance offered by the electron guthéopower source (modulator) is not well
defined.

Table 1: Electron Gun requirements for 6M eV Compact Linac

Max Gun Voltage 85kV (- ve)
Peak current 0 - 800mA
Pulse width (flat top) 3.4us
Risetime < 2.5us
Pulse repetition frequency 250 H:
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1 Pos: 3400 s CURSOR
Type

Tek L. Tria'd
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M 1.00 s
20-Mar-12 15:36

Fig. 13: 53kV Pulse acrossthe electron
gun

Fig. 12: Schematic of Gun Modulator

The load capacitance which is inclusive of the masistray capacitance along with the intrinsic
gun capacitance is ~ 200-400 pF. This capacitamb&h depends on the configuration, shunts
the load and makes the effective load highly capacwith the resistive part varying over a
wide range. The equivalent impedance of the beamess/érom 50k ohms to infinity. The gun
capacitance, the transformer and other stray cipae also need to be charged to the cathode
potential. Hence the stored energy in these capamgtis equivalent to (if not more than) the
useful beam energy per pulse. Table 1 describeldutrical parameters of the electron gun
used in 6MeV Compact linac for which the line typedulator is designed. Fig. 12 shows the
schematic of the same.

The pulse characteristic in case of line type maidulis strongly dependent on the impedance
seen by the PFN. Hence the Gun is shunted by a gumsistance which is much smaller than

the beam impedance. The value of the dummy resmstsna compromise between the rise time
and the power dissipation. A larger value of dunmesistance results in lesser dissipation but
poorer rise time and load regulation. Fig. 13 shtivespulse output voltage at 53kV as measured
by 2000X probe (Iwatsu make HVP-60).

Storage Tiig'd M Pos: 19808

Capacitor Oompensnting

network

DC . l
power |
Supply
1kV Electron
’,> Gun
N

v Step Up
IGBT TI_IJ Pulse
SKM800GA176D  CHPPEY  Transformer

M500us
J1-Now-101308

Fig. 14: Schematic of solid state gun
modulator

Fig. 15: Photo of 1:90 pulse
transformer

Fig. 16: 50kV Voltage across
the electron gun
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Solid State Electron Gun Modulators

Solid-state modulator uses a single-stage IGBTdhaystem with a 1:90 pulse transformer,
shown in Fig. 14. A primary pulse of 1 kV is apglior obtaining an output pulse of 90 kV. the
pulse transformer is shown in Fig 15, the 50kV eusross the gun is shown in Fig. 16. The
voltage was measured with 2000X probe. The modulateegularly in use in the electron gun
test setup for characterizing the e guns.

Conclusion

Indigenous design and development of line-type raddts for klystron, magnetron and electron
gun has been successfully demonstrated. The dasidnmplementation of oil insulated pulse
transformers for the magnetron and klystron hawnlsiccessfully demonstrated using locally
available magnetic cores. The initial result of finetotype solid state magnetron modulator has
been encouraging and work on full scale prototgpa process.
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Abstract

Regulated power supplies are designed to operateratant or nearly constant load, where as capacit
charging power supplies(CCPS) are designed to apdram nearly short circuit to low load condition.
The CCPS is used to charge capacitor load. CCPSjarerally used to charge the pulse power systems.
Pulse power systems are consists of Marx generptdse forming line and high power microwave or
flash X ray load. These loads are generally dynamitature, the load changes affects the power lsupp
If regulated power supplies to be used for thispese then after charging the capacitor, the supply
removed and then capacitor can be discharged indiheamic load. But this cannot be feasible in rep
rate system. So ccps is designed to prevent agdimsimic noise. APPD, BARC is working on the
development of CCPS for pulse power systems. Ths, 30kV, 200mA is commissioned with 40kJ
electro- magnetic manufacturing machine. The t5@0kJ/s, 1A is commissioned with 1kJ reprate Marx
based pulse power system

3kJ/s, 30kV, 200mA CCPS

Series resonant converter (SRC) has been extensiset for capacitor charging power supply
(CCPS) applications. However, SRC does not inhrdrghave as a constant-current source
(except for operation in discontinuous mode withtgwng frequency below half the resonant
frequency) and complex control methods such as-tiescontrol, variable frequency control
and constant on-time variable frequency controlrageiired for controlling the charging current.
The circuit diagram is shown in Schema 1 and Fidure
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Schemal: Circuit diagram of series resonant CCPS
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The supply operating frequency is 25kHz and resorigguency is 55kHz. The inverter
switches are operated in Zero current switchingg¥end it minimizes the switching load. The
inductor is 7QH and resonant capacitor is 120nF. The most impbidasign is transformer
design, because the resonant topology is very tsendio transformer parameters. These
parameters will change the resonant frequency &madge the operation of design. The high
voltage high frequency transformer is modular tyyMe= have selected ferrite toroidal cores (10
nos) having 5 turns common on primary. The tramsérsecondary’s are individually rectified
and added to get 30kV output. The cores are graltaleeduce the coupling capacitor between
primary and secondary. This will reduce the commude coupling from output to input. The
maximum value of coupling capacitance is analysetiave low over voltage across inverter
IGBT. This supply has been used to charge EMM lavi@kJ system. The charging voltage
varies from 16kV to 28kV and discharging throughdirgg coil. The reversal comes across the
power supply due to mismatched load, the resistind diode combination is employed to
prevent against the voltage reversal. The supmyblean reliably operated with this system.

Reversal High voltag

protection feedthroughi
unit /

i —

Resonafil &

InverterModule

Fig.1: Top view and side view of 3kJ/s CCPS

Series resonant topology provides inherent zeroenurswitching (ZCS) when it is operated
under discontinuous conduction mode, since in discoous conduction mode, dead time in
which the current flowing through the IGBT switchisszero. This time the switch over takes
place in the inverter circuit. The discontinuousdaction mode of operation is possible when
the resonant frequency is twice or more than twheeswitching frequency ( i.e.* 2fs).

Especially in capacitor charging power supply, sitiis power supply load is a capacitor and it
is a dynamic pulsed power load. Protection agamoftage reversal has been employed using
Diode resistor combination. Short circuit Proteetim switches: It has been employed by
collector emitter de saturation technique. Protectagainst dv/dt and di/dt: In which we
provided RCD snubber circuit across CE terminalsalbfswitches and across input rectifier
diode.Common mode noise: It has been mitigated by grawnthie high voltage high frequency
core. Fig.1 shows the top view and side view of SCIPshows the high frequency transformer,
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control card, PWM card, softstart, full bridge et and filter module, high frequency high
voltage rectifier module.
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Fig.2: Experimental results (a) Current through I, to verify ZCS (b) Voltage across load capacitor
(0.2uF
Experimental results shown in Figures .2(a) and afe confirms the charging voltage across
load capacitor (0.2uF) and soft switching (ZCS)e Toad capacitor charged to 27kV in 22ms
which matches with simulation. Achieved ZCS at 2 kn experimental.

50kJ/s, £50kV, 1A bipolar CCPS for 1kJ Marx based plsed power system

Basic block diagram of CCPS along with pulsed posyestem is shown in Figure.3. It consists
of charging source followed by pulse power systetmere energy storage capacitors are located
then followed by pulsed load, where total energy ttabe dumped across the pulsed load. The
detailed circuit diagram has been shown in Figurgtarting from 3-phase supply to pulsed load
hole circuit is divided into seven stages (i.e. ®-85-7).
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S-1 S-2 $-3 S-4 55
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Fig.3: Circuit diagram of power supply and pulse sgtem with pulse load
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Topological structure of proposed” 4rder LCLC resonant topology is shown in Figure.4.
Mathematical analysis carried out to find out thenditions for load independent constant
current and condition for ZCS switching. Inductance, C1 and L.C,, are the resonant

inductances and capacitances connected in T-fasbiferm a &' order resonant network. The

input is a simple square wave voltage source, wiasréhe load capacitor is shown is an
equivalent capacitance reflected to primary of HRirAhsformer to make circuit simple to carry
out the mathematical analysis.

Lr1 C " Lr2
|
I-I_/ V—Iin \T{TC r2 m@} Z

Fig.4: Topological structure for mathematical analysis

WhereX,=sl;1 X,= 1/sGy, X5 = sL+ (1/sG,) and Z = AC,

On applying kirchoff's voltage law(KVL) and kirchidotturrent law (KCL) in the circuit, the load
current | has been calculated as

I, Is independent of Z ai, and it is given by

—
(DO = ||,_|nyc (1)
Y e & 51

Imaginary part o, make to zero ab, for ZCS
xy=1+y (2)
Where x=F andy =%

Current through resonant inductay kAt w is given by

ILrlrms = (Vrme)OLrl) atm[!l (3)
Where L, = 2L, and G, = C4

From the above equations, it is clear that thi®mast topology is suited for the capacitor
charging power supply with inherent property of sharcuit proof, wherein it can provide
constant current, ZCS switching or zero voltageicving.
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Experimental setup

Rating of the capacitor charging power is givethia following table.
Tablel: Rating of power supply

Input supply 415V,3Phase

Repetition rate 10Hz

Charging voltage +50kV

Load capacitor 0.9uF for +ve0.9uF
for —ve

Peak charging rate 45kJ/s

The current flowing through the load capacitor witie given data is shown in table. The
equivalent RMS value of current flowing through themary has been calculated. By using
equations resonant inductorsi(and L) and capacitors (€and G,) and there values are 18uH,
36uH, 3.54uH and 3.54H respectively.

i 1kJ, 10 Hz
_# Dynamic load Repelitive Marx
" based system

45kJls, +1. 50KV

r Bi-polar constant
current power
supply

Fig.5: Experimental setup facility of 1kJ, 10Hz retitive Marx based system along with CCPS (In box fient,
Back, Left hand and Right hand side views of CCPS)

1. HVHF transformer. 2. HF diode rectifier. 3. Blealer resistor of DC link capacitor. 4. Control and
low power electronics box. 5. Resonant capacitor8.64uH each). 6. Heat sink. 7. IGBTs. 8. Resonant
inductors (18uH and 27uH). 10. Soft start. 10. 3-Rise line filters. 11. 3-Phase diode rectifier. 12.
Input fuses. 13. DC Filter inductor. 14. DC link cgacitors

Another important design in the power supply isedlepment of high voltage high frequency
((HVHF) transformer. A HVHF transformer with a sefled switching frequency of 20 kHz has
been developed in the laboratory to provide +50kMage. For the development utilized ferrite
core with OD = 100mm, ID = 55mm, height = 20mm agiféctive core area = 436mMmwith
maximum flux density of 0.2wb. Experimental setupl® Hz repetitive pulse power system
facility with dynamic load with the developed 49kKCCPS has been shown in Figure 5.
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Results
Charging voltage across load capacitor {6)9for bo

th (+ve and —ve) are showed separately in

Figure.6. The experimental set up has been tesibdOuF both for +ve and —ve to charge
38kV in 40ms. There is slight decrement in the gy voltage as per calculation due to the
lead inductances. Positive voltage charging pragilshown in Figure.6(a) and negative voltage

charging profile is shown in Fig. 4(b).

Scale on %x- axis 1 unit=20ms
w-axis 1 unit = 10kW

Charging voltage across load (0.9 yF) involts

T T
4.0x107 &.0x107

Time in sec

Fig. 6: Voltage across load capacitor (0.9uF)

Scale on x- axis 1T unit=20ms
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Y&ve Charging (b) —ve Charging

Charging and discharging profile across load capaf®.9uF for +ve) with a repetition rate 5Hz

has been in Figure.7.
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Fig.7: Voltage profile across 0.9uF capacitor (+veyith 5Hz repetition rate

Zero current switching and zero voltage switchirgyachieved experimentally by adjusting
switching frequency. At 21.5 kHz achieved ZCS ap@djusting dead time achieved the ZVS

is presented in Figure 8.
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Fig.8: Soft switching (a) ZCS (b) ZVS

The capacitor charging power supplies (3kJ/s apoari 50kJ/s) are designed, developed and
commisioned with pulse power systems. Protectiocuits are working satisfactorily to avoid
dynamic noise generated by pulsed power systenesrddonant converters were used for ZCS
and ZVS operation of inverter IGBT’s, so switchilogses becoes negligible hence improve the
efficiencies. The 3kJ/s and 50kJ/s power supplias the efficiencies of 89% and 85%
respectively.
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DEVELOPMENT OF TECHNOLOGIESFOR REMOTE SURVEILLANCE
AND RADIATION MEASUREMENT
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Division of Remote Handling & Robotics,
“Design Manufacturing & Automation Group

Shri S.S. Saini is the Recipient of the DAE Young Engineer Award for

the year 2013
Abstract

In view of recent nuclear accidents like that in Fukushima Daiichi, the necessity for remote radiation
measurement, as a first step in crisis management has been felt in the nuclear technology community.
Also, some regular maintenance works in nuclear facilities result in substantial radiation exposure to
human workers. All these have provided an impetus to the development of robots capable of remote
radiation mapping and visual surveillance inside nuclear ingtallations; accordingly various prototype
systems have been developed at DRHR, BARC. These robots have been designed to negotiate uneven
terrain including staircases. The first prototype CTRO1 included a single camera with night vision. The
second prototype RADOL is equipped with multiple cameras and a retractable radiation detector. The
robots can be remotely controlled over wireless communication links with a computer. The control
software, through its seamless interface, allows for easy viewing and logging of visual/radiation data in
real time. Preliminary field trials have been taken for the robot with retractable Tel etector.

Material and M ethods

The basic structure of the first prototype was matidild Steel. Its wheels are made from
engineering plastics and the drive belts are maoeofu rubber composites. Additionally,
engineering plastic materials have been used teteart gears. The CTRO1 is driven by four
tracked belts in differential drive mode and it aaimb a ramp/staircase up to 30 degrees.
Effective staircase negotiation has been made lpesby making remotely adjustable swing
arms. The design of the robot has been advancedtfre earlier developments by Kan Yoneda,
Yusuke Ota and Shigeo Hirds&he control software for the robot consists afrize firmware

in the robot’s microcontroller and the supervis@rgnware in the Hand Held Control Terminal
(HHT). Figures 1 to 5 show the CTROL1 in its variousdes of operation.

Fig. 1: Climbing Stairs Fig. 2: Down the Staircase
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Fig. 3: Opening a door Fig. 4: Going on a slope

Fig. 5: Hand Held Terminal

The RADO1 Robot is driven by six tracked belts wéthdifferential drive and it can climb
ramp/staircases up to 30 degrees with the helgels-dperable swing arms. It has three cameras
for navigation including infrared cameras for lowghit operation. The radiation detector is
composed of two GM tube sensor®ne tube covers the range from 0.01pSv/h to 10m&vwd

the other tube covers the range from 0.01mSv/l0&vh. The radiation sensors are placed on a
remote controlled electrically driven retractab&descopic mechanism with three degrees of
freedom. Onboard batteries provide the robot aicoats run time of one hour.

Both the robot and the retractable telescopic nm@sha can be controlled from a Joystick
attached to remote computer via an RF link. A ssteaRF link is provided for collecting and
logging the measurement data from the radiationrs@sn The remote computer provides
multiple camera view panes, graphical display & tbbot pose, real time display of radiation
measurement, video and data logging, remote raelget®on, sensor linearity calibration via
keyboard and configurable alarm set points for deseell as dose rate.

Results and Discussion

The first successful demonstration of the RADOlotdias been carried out at WIP, BARC for
measurement of radiation levéisside one HEPA filter bank room as well as ouwsitle pre
filter bank area. The robot had been continuousty for one hour on site. The peak radiation
level at the time of operation was found to be abb&OmR/hr. The radiation level outside
biological shield was about 20mR/hr. The radiatitetector was used with removable booting
for easy decontamination.
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The trial run although successful revealed the smtye of stereoscopic vision for better
navigation. This venture went on to prove that ewervery cluttered environment, remote
measurement of radiation can be done in a userdigiananner thereby reducing the exposure of
human workers to harmful radiation.

Fig. 6: RADO1 Robot Side View Fig. 7: Trialsat HEPA Filter Room, WIP
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Abstract

A research effort has been put to develop high voltage, high energy density, low inductance
energy storage capacitors for high-current delivery capacity in sub micro seconds time. High
voltage energy storage capacitor is the basic building block for any pulsed power system. This
is true in systems such as fast Marx generators, Electromagnetic pulse (EMP) systems, lasers,
Flash X-ray, High Power Microwave (HPM) generation, beam generation, Fusion research etc.
Low inductance energy storage capacitors up to 50kV, and 25nH are being designed and
devel oped for the different pulse power applications.

Introduction

World-wide, there is an urgent and unfulfilled nded reliable technique to develop oil-free,
non-standard geometry, low inductance and highggneensity (by volume and weight) energy
storage capacitors. Energy storage capacitors sa@é extensively in pulsed power systems as
primary or intermediate energy storage units. h@kiconstruction of the capacitor can have
significant effect on system performance in verst law inductance high voltage pulse power
systems.

Bi-axially oriented polypropylene (BOPP) film an#flet Aluminum foil with extended foll
compact design is a combination which delivers matgd¢y high power. This comes closest to
fulfilling the need. Low viscosity, high dielectrimonstant, electrical grade thermally curable
resin system has been used as impregnate of thkssegapacitors.

BOPP Film-foil design adoption in practice is madifficult by its weak points (volume
electrical break down), relative permittivity arftetedge gap margins to avoid the surface flash
over discharge. A concept for implementing abovelmination in a less complex and costly
manner has been developed in lab. This requireg smwel design of the on-line impregnation
capacitor machine, development process technigoessé thermally curable resin system
(dielectric constant — 4, dielectric strength —\20km) and low inductance high current lead-
less electrical connection technique. This papeicems the development and testing process
techniques for two quite different non-standard ngety configuration oil-free hollow
cylindrical capacitor (5uF, 10kV, 20nH) and flatrfmat pulse capacitor (4pF, 5.5kV, 10nH) with
center rectangular hollow space for low inductacmenection.
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Design and Construction Challenges
The on-line impregnating capacitor winding machine

A special purpose capacitor winding machine has loestom designed to our specification and
is in operation. Many layers of dielectric film (B®, 12um) and aluminum foil (6 pm) are
assembled and passed through an impregnating Jliginigh is a thermoset low viscosity resin.
The impregnated assembled stack of dielectric fiemsl aluminum foils is wound up in
application specific manner. Excess resin is rerdpedectrical connections are applied to the
aluminum foils and resin is cured.

Processing of the uncured resin for the next winding

Unused excess resin was filtered and degassed tesdx for the next on-line impregnating
cycle. We have to take care that the resin systeulg be less exposed to the UV light as it has
the inherent property of the curing at room tempeea

How to build low inductance connection in non-standard geometry capacitors

The advantage of the extended foil constructiondasuch higher current carrying capability
and strong metal electrodes electrical connectibrectly seating on the aluminum foils. This
confirms good mechanical strength against electgoriic forces during high current
discharges. This also ensures low equivalent sén@ésctance (ESL) and equivalent series
resistance connections for fast discharging pyteeder applications. There is a practical limit to
how high in voltage; a single capacitor section banoperated. As the voltage increases, the
field between the electrodes increases causing dnighs of stress concentration particularly at
the edges of the electrodes. While this practicaiit|varies with capacitor design and
application, it is usually below 12kV for pulse pemapplications. Both flat-format and hollow
cylindrical capacitors are of extended foil constian and the working voltage is less than 12kV
as shown in Fig. 1 & 2. Because of the paralletepteansmission line geometry is maintained
with large width and small gap between the stmgdi removal of bushing and oil metal Can in
the capacitor design, we get very low self inducéaof the capacitor elements.

Fig. 1: Flat format pulse capacitor 4pF, 5.5kV
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Performance Data

Shot life (charge-discharge cycle) of 1000 has beqrerimentally performed on the capacitor
test bed at its rated energy density level.

Fig. 2: Hollow cylindrical pulse capacitor 10kV

Insulation resistance of 200@Mand voltage reversal of 80% is also experimentaigasured.
Capacitance and dissipation factor change is aoefirless than 2% after testing at 11kV DC for
60secondsThe self inductances of these capacitors have eportant. Inductive pick up for
inductance measurement for 5uF, 10kV capadcg@hown in Fig. 3The inductance values of
21nH and 10nH were measured for 10kV and 5.5kV atga respectively. The process and
engineering technigues necessary for manufactuang testing the BOPP based oil-free
capacitors are now available and used.
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Fig. 3: Inductive pick up (T=2.0us) for inductancemeasurement for 5uF, 10kV capacitor
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Conclusion

Oil free capacitors with limited life often havegher capabilities than previous generation oil
filled capacitors. Now, film-foil based low induciee energy storage capacitors can operate at
higher energy density (> 0.1J/cc for flat formatF45.5kV, 10nH capacitor and 0.08J/cc for
hollow cylindrical 5pF, 10kV, 20nH capacitor), whigequire less volume by 30% and less
weight by 50% compare to market available capazitdroltage reversal of 80% was
experimentally measured. New pulse power systerasnaiv being developed taking into
account the improved properties of the oil-free lnductance energy storage capacitors.
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Abstract

The important aspects of assembly of colloids have been probed using small-angle X-ray and neutrons
scattering. It has been shown that real time small-angle scattering measurement is very powerful method
to study the assembly process. Nature of jamming of the colloids in the assembled grains has been
described for various physicochemical parameters. The internal structure and overall morphology of the
assembled grain has been investigated using small-angle scattering and electron microscopy,
respectively.

Introduction

Small-angle scattering (SAS) using neutrons anday&rhas been utilized across all the
discipline of science such as physics, chemistatenmals science, metallurgy, polymer, biology

etc. [1-3]. SAS probes the density fluctuationgrfreub nanometer length scale to micrometer
length scale [4]. Schematic -1 shows the varioungtle scales and suitable techniques probing
those length scales. The electron microscopy anttorgx-ray scattering techniques appears to
be most suitable techniques to probe mesoscopiz{anometer to sub-micron) length scales.
Although electron microscopy provides direct moiplgg however it remains a local probe of

the structure due to limited penetration powerlettons in the materials.
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X-ray and neutrons scattering gives statisticallleraged information of the structure in
reciprocal space and require model fitting for datarpretation. In general electron microscopy
is used as a complementary technique in conjunetidnsmall-angle X-rays scattering (SAXS)
and small-angle neutron scattering (SANS). Dueitte range of applicability of this technique
various SAS instruments have been developed atussgynchrotron and neutron sources across
the world. Due to high flux of the X-rays at thenskirotron sources, dynamic processes such as
nucleation and growth in millisecond time scale @@nstudied. A synchrotron based SAXS
instrument is under design and development statiéCaAtS-11 synchrotron at RRCAT, Indore.

Due to completely different scattering power of HdaD for neutrons, SANS has special
advantage. One can resolve complex structure eslyegsing hydrogen and deuterium labeling.
The contrast matching experiment is quite poputarsoft matter and biology. Recently,
hydration of cement has been studied quite extehs[B-7] using SANS due to high scattering
cross-section of neutron for hydrogen which is ptlige not possible with X-rays. The real time
measurements on hydration of cement witkoFnd DO show strikingly different behavior for

the first time [5].

National facility for neutron beam research at Marweactor managed by Solid State Physics
Division of BARC operates two SANS instrument toveowide length scales. To compliment
the SANS data, a laboratory based SAXS facilitgls available at SSPD, BARC. Laboratory
based SAXS instrument has also been utilized exegsfor investigating variety of systems
such as polymer-nanocomposites, colloids, bionetgralloys etc.

In this article, we present a study on evaporaitoluced assembly (EISA) of colloids confined
in the droplets. EISA finds its application in i@ printing, fuel injection, drug delivery and
food industry. During drying of a colloidal drap) various physico-mechanical processes take
place, which in turn decide the morphology of réagl assembled grain. A dimensionless
parameter, Peclet number Pe fﬁﬂ&dry, R is droplet radius, D is diffusion coefficierfttbe NPs
and tqyy is the drying time) can be defined to demarcate tlwying regimes. If Pe >>1, the
drying process is regarded as fast and there issilplity of formation of hollow or
doughnut/crumpled grains. However, if Pe<< 1, dyypnocess is regarded as slow and droplet
shrinks isotropically throughout drying procesautesg uniformly jammed spherical grain.

Recently, spray drying experiments have been choig in both the regimes, slow and fast,
which led to spherical [8] and doughnut [9] grainsspectively. It has been shown that the
tailored morphology such as buckball type strucf@fd and porous microcapsules [11-12] can
be achieved by modifying the physicochemical patamseduring drying. Drying of the droplets
containing mixture of two or more different type adlloids gives solid state dispersion of the
nanoparticles [13]. The assembly of mixed colloadsre one component is used as a template
can provide porous grains for variety of applicasi$¢14,15].

Here, we present real time SAXS investigation andhying of single droplet and studies on the
assembled grain obtained using spray drying. Teeemt work has been performed using the
facilities at SSPD, BARC and abroad.
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Real time SAXS experiment on assembly of colloids

The colloidal droplet was suspended with a naripvamnd initial size of the droplet was
approximately 2 mm. In order to estimate the sizih® colloids, SAXS experiment was
performed using a laboratory based instrument.

Tip

Silica nanoparticle

2D SAXS pattern

° Scanning axis

Hanging colloidal droplet

Fig. 1: The experimental set-up of the drying of single colloidal droplet

Figure. 1 shows the schematic of the experimemaipsfor anin-situ experiment on drying of
single colloidal droplet using a micron size bedra aynchrotron source [16-17].

10°+
10°4 (b)
10°+

10'+

-
<
PP B

Intensity (cm™)
Size distribution (arb. unit)

10-1-:

1074

T T T T T T T T T T T T T v T

10" 10° 0 5 10 15 20 25
g (hm™) Radius (nm)
Fig. 2. The SAXS profile (Ieft) of the colloids befor e assembly process and calculated size distribution (right)

Fig. 2a shows the scattering profile for a diluteea colloid. The SAXS data was fitted using
polydisperse sphere model to estimate the sizaliisbn of the colloids. The size distribution
of colloids is shown in Fig. 2b. The average raditithe silica colloids was found to be ~12 nm.
The evolution of the scattering profiles duringidgyof the droplet containing the silica colloids
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is shown in Fig. 3a. The scattering pattern showsgaificant change during drying of the
droplet. Initially, the concentration of nanopdeiin the droplet is small and we do not see any
significant peak in the scattering profile. Th®plet shrinks during drying and this leads to
increase in the concentration of the nanoparticidbe droplet. We start to observe broad peak
in the intermediate stage of drying and subsequectittering profile possess sharp peak. The
peak in the scattering profile in present case cothees to inter-particle structure factor. The
peak position is inversely related to the distanesveen the colloids. The evolution of the peak
position is shown in the Fig. 3b. The positiortle peak increases with drying of droplet. This
indicates that distance between the colloids deeewith drying, i.e. nanoparticles come closer
as drying progress. The position of the peak reatha plateau region at the end of drying.
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Fig. 3: Evolution of scattering intensity (left) and peak position (right) during assembly of colloids confined in
adroplet.

Thus, it is clear that pathways of assembly of ad#i can be tracked by real time SAXS
measurements. Moreover, the shrinkage of the drapig nature of jamming of colloids can be
monitored using transmission as well as real tioasing SAXS experiments [16,17].

SAXS/SANS studies assembled grains

The drying of the colloidal droplets has been zgidi to obtain the assembled grains of
nanoparticles by spray drying. The assembled graintained using spray drying of silica

colloids of ~12 nm radius is depicted in Fig. 4heTlamming of the colloids is also shown in the
magnified view. It is evident from the microgragitat doughnut shaped assembled grains is
achieved which is realized in fast drying regintas lalso clear from the zoomed view that silica
nanoparticles are jammed in the ordered state; \'ewthe ordering of nanoparticles remains

short range.
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Fig. 5: The SANS profile of the assembled grains in (left) double logarithmic scale and (b) Porod
representation

The packing fraction of the colloids and the specdfurface area of the mesopores due to
interstices between jammed colloids cannot be sedidrom SEM micrograph. Although
scanning electron microcopy can show overall madigao of the grains, it cannot probe the
internal structure of the grains except the stmactt the surface. In order to get the internal
structure, SANS experiment has been carried otlh@se grains.

Fig. 5 shows the SANS profiles in double logaritbracale (left) and in Porod representation
(I(q) x ' vs g) (right). The two constant levels in Porogresentation are indicative of two

length scales. The packing fraction of the nandgast is obtained by fitting of the SANS

profiles and its value is found to be ~0.50 whiglnidicative of random jamming of the colloids.
The specific surface area of themesopores can timea¢sd using the Porod level 1l and the
aspect ratio of the particle can be calculatedgugie ratio of two Porod levels.
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Conclusion

Small-angle scattering is a versatile techniquadaress the issues in mesoscopic scale in many
branch of science. Real tingAXS/SANS technique is useful to study the kinetiogarticular,
during assembly of colloids and hydration of cemdavaporation induced assembly of colloids
is an important tool to fabricate the porous, halland nano-composite micron sized grains.
SANS and SAXS provides the internal structure saglpacking fraction and mesopore surface
area of the assembled grains.
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Abstract

Nuclear factor-erythroid 2-related factor-2 (Nrf-2) is a transcription factor that plays a central
role in cellular defense against oxidative and e ectrophilic insults by induction of antioxidative
and phase-2 detoxifying enzymes. Inhibition of Nrf-2 signaling renders the organism susceptible
not only to oxidative and electrophilic stresses but also results in dysregulated inflammatory
responses. Activation of Nrf-2 pathway has been shown to be helpful in protection against
inflammatory and auto-immune disorders. Hence, induction of Nrf-2 using redox active agents
could be considered as effective means for the prevention and treatment of inflammation
associated diseases.

Introduction

The well-known hallmarks of inflammation i.e. redsgswelling, heat, pain were described over
2000 years ago by Celsus and are characteristamyfkind of infection or injury. During an
immune response, these symptoms of acute inflaromaissipate swiftly after the infection is
cleared and the damaged tissue is repaired. Hoyweugng chronic inflammation the immune
system goes into overdrive because the stimulustiggers the inflammation persists for long
time and contributes substantially to chronic ds&sa While acute inflammation is an important
element of the organism's defense repertoire, gersi inflammation can contribute
substantially to the pathogenesis of several alg¢eck chronic diseases such as metabolic
diseases, type 2 diabetes, cardiovascular diseaisésieurodegenerative diseases. Suppression
of this superfluous and chronic activation of imrawells by using immunosuppressive agents is
desirable to avoid occurrence of the aforementiomgdmmation associated disorders. In
addition to this, successful organ transplantaitso requires the use of immunosuppressive
drugs to prevent the host's immune system from ctieg the transplanted organ.
Immunosuppressive agents involve many classesugsduch as inhibitors of calcium signaling
and translation (Cyclosporin A, tacrolimus), inldos of nucleotide synthesis (azathioprine,
mycophenolate mofetil), inhibitors of growth facteignal transduction (sirolimus) and also
antibody therapies that eliminate specific groupsedls. Each of these drugs induces a distinct
set of side effects on normal tissues which lirthtsir long term usage and hence there is a need
for identification of novel targets for regulatiaf chronic inflammation. Over the last decade
our lab has been working towards the identificatafmovel targets to manage uncontrolled
inflammatory responses. We have now shown that xredensitive immuno-regulatory
transcription factors can be used as druggableetsrfpr the development of new anti-
inflammatory drugs.
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Cédllular redox and Nrf-2 asregulators of immune responses

Cellular redox status is the ratio of the interagemible oxidized and reduced form of
intracellular redox couples (GSSG/GSH) that worgetber to maintain the redox environment
which is important for a variety of cellular funmtis such as proliferation, apoptosis and
intracellular signaling. Alteration in reactive @gn species (ROS) levels and redox status leads
to abberant immune functions. Nuclear factor enjithi2-related factor 2 (Nrf-2) is a redox-
sensitive, basic-leucine zipper transcription fagid. It is expressed in a variety of cell types
where it contributes to maintenance of redox honasis by regulating key
cytoprotective/antioxidant genes, including glutatle (GSH), heme oxygenase-1 (HO-1),
NAD(P)H:quinine oxidoreductase 1, and superoxidemditases. In addition, Nrf-2 is also
reported to regulate innate immune response thamatically improves survival during
experimental sepsis by protecting against dysrégdilanflammation [2]. Under resting
conditions, Nrf-2 is sequestered in the cytoplagnthe cytoskeleton-associated protein, Kelch-
like ECHassociated protein 1 (Keapl) which functicas a negative regulator of Nrf-2 by
promoting the ubiquitination and proteasomal degtiad of Nrf-2 [3]. When liberated from its
repressor Keapl, Nrf-2 translocates into the niscend binds to its consensus sequence in the
promoter region of many genes whose products a@\vied in cellular defence against toxins,
oxidative stress and electrophiles. A widely acedptodel for nuclear translocation and
activation of Nrf-2 involves alteration of the Kdapstructure by oxidation or covalent
modification of critical cysteines present in Keapfe have shown that compounds which do
not show cellular toxicity and yet modify Keapl imglucing redox imbalance may prove to be
important canditates for the development of nowgFaflammatory drugs.

Cross-talk between Nrf-2 and NF-kB

NF-xB is a redox sensitive transcription factor andti@@mregulator of many genes involved in
immune response including cytokines, chemokinesokoye/chemokine receptors, adhesion
molecules, survival genes, cell cycle regulatosyter phase proteins, and inducible effector
enzymes. Since Nrf-2 is an important transcriptiactor responsible for maintaining cellular
antioxidant capacity, it has been shown that Nmi&/ inactivate or counteract NdB signaling.
Pro-inflammatory genes known to be regulated by WBFwere highly expressed upon
lipopolysaccharide stimulation in Nrf-2 knockoutamiwhen compared with those in wild-type
mice. Activity of kB kinase (IKK) and #Ba degradation needed for NdB activation were
more pronounced in Nrf=Z mouse embryo fibroblasts (MEFs) stimulated wittSL& TNFe:
[2]. Hence, agents that activate Nrf-2 by directlgdifying cysteine thiols of Keapl may lead to
suppression of NikB and in addition these agents may also targettitieal cysteine residues
of p50 or IKK, thereby blocking NikB pathway.

Redox active agents and Nrf-2 activator s as putative anti-inflammatory drugs

Based on the studies carried out by us and sewthal investigators, we hypothesized that
redox active agents may exhibit potent anti-inflagony activity by perturbing cellular redox
and by activating Nrf-2 pathway. The studies cdrr@it in our laboratory provide convincing
evidence for redox modulation as a novel strategyrégulating immune responses and for
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development of new anti-inflammatory drugs. Furthes have also shown that phytochemicals
can be used to modulate cellular redox balancelwhimuld find significant application towards
management of immune responses for therapeuticfitterd/e have used both synthetic and
plant derived molecules like naphthoquinones (plagnn, menadione, 1,4-naphthoquinone),
ursolic acid, schisandrin B etc and studied thati-imflammatory effects [4-10]. The detailed
molecular mechanisms that may contribute to theimuno-modulatory activity were also
elucidated. We have for the first time demonstrateat plumbagin, (5-hydroxy-2-methyl-1,4-
naphthoquinone), acts as a pro-oxidant in nornraphlyocytes and suppresses mitogen induced
T-cell activation, proliferation, cell cycle progsgon and effector functions in vitro and in vivo.

The potent anti-inflammatory effects of plumbagiare attributed to its ability to suppress redox
sensitive immuno-regulatory transcription factor-k&in lymphocytes and macrophages. It was
further revealed that depletion of intracellulautgthione levels in lymphocytes by plumbagin is
responsible for the observed oxidative stress. 1@sults for the first time demonstrated that
plumbagin indeed interacts with and forms an adehittt intracellular free thiols. It was also
established that plumbagin could modulate thiougsoon critical cysteine residues of proteins
by inducing glutathionylation. Plumbagin inhibitedclear translocation and activation of NF-
kB through induction of p65 glutathionylation.

Further, the in vivo anti-inflammatory potential plumbagin was also verified using mouse
models of graft-versus-host-disease, allograftsjptant and endotoxin induced septic shock. Our
studies highlight the potential application of phagin as an anti-inflammatory agent which
may be used in the treatment of inflammatory dismsd Further, we also demonstrated that
glutathionylation can be an important mechanism vayich inflammatory pathways and
signalling mediators are regulated and provide nmegights into novel anti-inflammatory
strategies. In addition to plumbagin, menadioneoliz acid and schisandrin B were also shown
to act as a pro-oxidant in normal lymphocytes amgpsesses mitogen induced T-cell activation,
proliferation and effector functions in vitro andvivo.

All the above mentioned agents have been showhdoradox balance leading to activation of
Nrf-2 pathway and upregulation of Nrf-2 dependeses. In our studies, we have reported that
the potent anti-inflammatory effects of these Nr&&ivator molecules were also due to their
ability to suppress redox sensitive immuno-reguiatdranscription factor NkB in
lymphocytes.

In addition to this, we have demonstrated the tgbdf redox active molecules to ameliorate
radiation induced damage to normal cells and tssiWwe have shown that, contrary to
conventional wisdom of antioxidants acting as rpditectors, even pro-oxidants which induce
mild oxidative stress, could offer radioprotectitm normal cells [11]. The ability of these
molecules to upregulate intra-cellular anti-oxidaeatfences and induce multiple pro-survival
signalling pathways like ERK and Nrf-2 was shown lie responsible for the observed
radioprotection.
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Conclusions and Futur e Dir ection

Our studies highlight a potential application oflog active molecules as anti-inflammatory
agents which may find application in the treatmeninflammatory disorders. Since N&B is a
central regulator of pro-inflammatory signaling lpatys, suppression of NEB-mediated
transcriptional activity by Nrf-2 is a promisingrategy to control dysregulated immune
responses.

Our future challenges include development of nomehunosuppressant strategies whereby a
wider choice of immunosuppressive agents will pbdpaelp physicians to minimize the burden
of drug induced toxicity (side effects) in patientdie use of redox active agents derived from
natural sources which have a favorable toxicityfiggounlike corticosteroids and cytotoxic
agents (methotrexate, azathioprine, cyclosporind) ve particularly helpful in treatment of
chronic inflammatory conditions.

Redox Active Agents INFLAMMATIORY STIMULUS
Plumbagin I

Menadione

Schisandrin B *

1,4-naphthoquinone

IKKB IKKa

Proteasomal
degradation

Nuclear Translocation

Anti-inflammatory
Cytoprotective
Anti-oxidant

Cytokines
Chemokines
Receptors

o @ Cell cycle regulation
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Scheme: Anti-inflammatory effects of redox active agents are mediated via activation of Nrf-2 and
suppression of Nf-kB
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Abstract

Borosilicate based glass formulations have been found suitable for vitrification of high level
nuclear waste (HLW) generated during the reprocessing of spent nuclear fuel from nuclear
reactors. These glasses possess desirable properties like high chemical, mechanical, thermal and
radiation stability for HLW storage. Also, the amorphous nature of the glass helps to
accommodate the waste containing a variety of elements easily. Because of the presence of the
radioactive components, such as, fission /activation products and minor actinides present in the
waste, the glass containment experiences radiation damage that can significantly alter the glass
structure which may influence their long term leaching behavior. Spectroscopic techniques
provide direct and non-invasive method for investigating this radiation induced changes in the
glass. The present article gives a glimpse of our work on the radiation induced changes in the
glass matrix as investigated by different spectroscopic techniques. It was found that although
radiation causes a lot of structural changes including, breaking of bonds, formation of defect
centers, modification of the glass network, unbinding, migration and segregation of ions etc. the
overall glass network remains largely unaffected. Even at a cumulative radiation dose of 10
Gy, no major changes were observed in the bulk glass network that can affect its long term

integrity.

Introduction

Borosilicate based glass matrices have been fourabte for fixing the high level liquid waste
(HLW) generated after the reprocessing of the spantear fuel[1]. As the HLW composition
varies according to the nature of fuel, its burnsiprage conditions, process flow sheet followed
for reprocessing, so does the glass compositiofiadty for HLW generated from fast reactor
fuel, iron phosphate glasses have been found $ifap For the HLW generated from Indian
PHWR, sodium borosilicate glass matrix containingd,] MnO, BaO etc. are used for
vitrification [3]. On the other hand, suitable glass formulationsttiorium rich HLWs, which
are likely to be generated during reprocessingpehsfuel containing thorium based fuel (from
AHWR), are yet to be developéd]. At BARC, Trombay, the historic HLW from the resea
reactors using metallic fuel is characterized bghhsulfate content. Since sulfate solubility is
very low in borosilicate glasses, a barium oxidataming alkali borosilicate glass has been
developed and is routinely being used for fixings thistoric wastg5]. It is well known that
HLW contains the major portion of the radioactivity the entire nuclear fuel cycle. The
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radioactivity comes from major and minor actinidesh as unrecovered U, B&/Np, ?** #*Am,

244 2%Tm (mostly alpha emitters) and have very long Ha#s. In addition, fission and
activation products such aSSr, *°Tc, '%Ru, 9, ¥ 3Cs, *Ice, **Pm etc. (primarily beta
emitters) also contribute to this. Because of thras@active components present in the HLW,
the glass experiences constant irradiatiompfy andy. For the first few years of waste storage,
the B decay, primarily from the short lived fission pumts (such as’Sr, t,, = 28 years and
137Cs, t,, = 30 years) plays a predominant role in radiaitimuced changes.

After which the radiation damage due to alphecoil heavy ions and gamma takes over.
According to Weber, the radioactive decay resultgalume changes of up to + 1.2 %, radiolytic
decomposition, bubble formation along with increaséhe leach rate with a factor of[@]. In
another review article Weber et al. have discusdrnlit these changes in the glass matrix after
radiation damage by alpha, beta, gamma, neutrorhaady ion irradiatiorj7]. Since the final
destination of the nuclear waste glass is the demsp(inside waste repositories), it is pivotal to
assess the long term integrity and radiation damégjee glass matrix.

In this context, a systematic approach was intidte establish the radiation stability of the
Trombay nuclear waste glass matrix used for fixihg research reactor nuclear waste. The
glasses were irradiated with gamma rays, electeamband heavy ions. The electron beam can
simulate the effects of beta irradiation. On theeothand heavy ion irradiation can simulate the
effects of recoil damage taking place in the systéms well known that the optimal engineering
performance of a glass is dominated by its strectdence, the knowledge of the glass structure
before and after irradiation is a prerequisitetfnderstanding the structural evolution of glasses
under long term irradiation. In addition, thesedgtgs on the borosilicate glasses will lead to an
understanding of the nature of the damage whichfadher lead to fabrication of materials in
which the deleterious effects of radiation can beimmzed. Moreover, careful study of radiation
induced defects can help elucidate certain strat@spects of the glassy state which are not
readily accessible by other means.

Spectroscopic techniques provide direct and nosimeamethod for characterization of the
irradiated glass. Through these techniques oneobtain extensive information with minimal
sample handling. In literature one can find varispsctroscopic techniques being used for these
investigations as discussed above. As no singletsiseopic technique is capable of answering
all the questions related to the radiation damdggasses, use of multiple techniques becomes
imperative. For example, Electron Spin Resonan@&R(Ecan give information regarding the
chemical nature of defect centers formed in trediated glass and quantify them.

On the other hand, FTIR (Fourier Transform InfradRand Raman spectroscopy can give
information about the changes in the bulk glassoek. In the present paper, highlights of some
of our work are presented where radiation induckdnges in these glass matrices were
evaluated using conventional photon based techsjqueh as photoluminescence spectroscopy
(PL), FTIR and Raman. Also the usefulness of naeehniques like positron annihilation
spectroscopy (PAS) and ESR in understanding thiatrad damage in these glass matrices is
discussed.
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Glass preparation, irradiation and characterization

All the glass samples were prepared by conventionalt quench technique at Waste
Management Division (WMD), BARC adopting standardogedure. The base glass
compositions used for the present set of investigatare given in table-1. Gamma irradiation of
the samples was done in tfCo gamma chambers with dose rates &Gy/hr and 8&Gy/hr.
Electron beam irradiations were done at ILU-6 (BRNashi) Navi Mumbai and EBC
(Kharghar) Navi Mumbai. Heavy ion irradiations (neh and carbon ion beam) were done at
BARC-TIFR Pelletron facility located at TIFR, Mumb#L experiments on the samples were
done on an Edinburgh FLS-900 unit (Edinburgh Anealtinstruments, Livingston, UK).

ESR data were recorded on a Bruker ESP 300 spestieormperating at X band frequency (9.5
GHz) using 100 kHz field modulation with di-phengicryl hydrazyl (DPPH) as the field
marker. ESR data acquisition and analysis was dpn&VIN-EPR software and the ESR
simulation studies were carried by Simfonia sofevdirom Bruker, Germany. PAS
measurements were carried out wifNa positron source in the form of NaCl. FTIR datasw
obtained in the range 400-4000 ‘tnusing a Bruker Vertex 80V spectrometer. Raman
experiments were done on a Jobin Yvon micro inséntasing Ar ion laser.

Table 1: Composition of the Trombay base glass (SB 44)

Chemical Mol %
SiO, 47.34
Na,O 14.30
B,O3 26.80
BaO 11.56

Results and Discussion
I nvestigations by PL Technique

Like other glasses, the nuclear waste glasseglalslop color centers when exposed to external
radiation sources. The mechanism of the formatiaihese color centers is well known. During
preparation of these glasses, several defectsrapdrities are formed inside the glass matrix.
These defects are mostly vacancies or voids irgkhes structure due to absence of an atom at
regular site. When exposed to radiation, electrand holes are produced few of which get
trapped by these defects and/or impurities. A ldrgetion of the centers formed in this way are
optically active, that is, they absorb, and in mamages, emit light (luminescence) like the
commonly observed F-center which is formed by tiagpmf electron in a single mono valent
negative ion vacancy.

Earlier it has been reported that the generatidhede point defects is independent of the nature
of the radiation rather it depends on the radiatiose[8].
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Fig. 1: PL spectrum of the gamma irradiated borosilicate base glass with varying dose

We have investigated the formation of differenticats in gamma/electron beam irradiated
Trombay base glass by PL technid@e10]. The PL data of the electron beam irradiated glass
samples with 171 nm excitation is presented inrégl. The spectrum is characterized by the
presence of weak but broad peaks at 229, 257, B8/ nm and a shoulder at 457 nm. It was
observed from the figure that the PL peak inteesiincreased with increase in the radiation
dose. The defect centers were mainly assigned ¢o nibn-bridging-oxygen hole centers
(NBOHC), oxygen deficient centers (ODC) antddénter. The generation of NBOHC ant E
centers was attributed to the bond cleavage ocguat regular Si—O sites due to the impinging
electron beam on the glass. In addition, to undedsthe changes taking place in the glass
because of irradiation, Eu ion was used as a lpaabe. We had presented a brief overview
regarding the irradiation induced changes in ledal symmetry and oxidation state of Eu ion in
the glass matrix by PL and ESR techniqlEek, 12] Our investigations suggested that upon
irradiation, the ion preferentially moved to asyntritesites without change in the valence state.

4
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Fig. 2: PL spectrum of the Eu doped irradiated bor osilicate base glass with varying gamma dose
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I nvestigations using FTIR spectroscopy

Figure 2 shows the PL spectrum of the glass samjeed with E& ions as a function of
gamma dose. It may be noted here that, the dedettecsignal observed in case of base glass on
gamma irradiation, could not be observed in thespéctra of Eu-doped glasses. This could be
due to the masking of the defect centre signahbyhighly intense signal due to Eu.

FTIR technique is capable of detecting the radmimmuced changes in the nuclear waste glass
at macroscopic as well as microscopic level (thhodgR-FTIR). The FTIR spectra of the
Trombay nuclear waste glass, irradiated with gamays in the dose range 2-900 kGy are
presented in figure 3. All spectra are base linegembed and normalized with respect to the
highest intensity. From the spectra it can be skahupon irradiation the main peak position,
due to the silicate and borate network, shifts fret850 crit (corresponding to 2 kGy sample)
to ~1380 crif(corresponding to 900 kGy sample) along with bewaag. Significant broadening

is also observed at the wave number region 3308 dthis is attributed to the modification in
the glass network due to breaking of Si-O bondditeato the formation of super structural units
with non bridging oxygen atoms (NBOs). The inteesitof the bands were also enhanced after
irradiation indicating the increase in the formatmf NBOs.

1.04 —— 2kGy

50 kGy
—— 250 kGy

0.8+ —— 900 kGy

0.6

Intensity (a.u.)

0.4+

0.2

T T T T
1000 2000 3000 4000 5000

Wavenumbers (cm'l)

0.0

Fig.3: Baseline corrected and normalized FTIR data for thegamma irradiated Trombay glass
asafunction of dose

We had also reported similar results for the etectbeam irradiated Trombay nuclear waste
glasses in the dose range®16 1FGy [13]. In this case, it was reported that the main peak
position, due to the silicate and borate netwoHifted from ~1050 cil to ~950 crit with
broadening in the band suggesting significant chamg the glass network as shown in figure 4.
It is believed that because of gamma irradiatioarevand more alkali ions get unbound and get
incorporated in the network.

This makes the structure more distorted and heaceedses the local symmeifyl]. Although
earlier it has been reported that alkali borodiéioglasses show a shift in thg @, = Si-O/B-O
network with n bridging oxygen) positions due tdwark polymerisation in the Trombay glass
we did not see any significant changes in the lparsitions which was attributed to the presence
of iron in the glass matrix that helps in reduding extent of radiation damage.
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I nvestigations using ESR technique

Upon irradiation, the defect centers formed in rilnelear waste glasses are often paramagnetic
in nature due to the presence of the extra elefttoten Therefore, ESR becomes an important
tool in characterizing the exact chemical naturthefdefect centers formed because of radiation.
It was observed that for the gamma irradiated Treynglass, the ESR signals due to defect
centers decreased with increase in the iron conterthe glass as given in figure [35].
Explanation for this type of reduction in the numb&defect centers has been given by Debnath
[16], who had suggested that a hopping process betweemudeand ferric ions in the glass is
mainly responsible for this reduction in defectaieDto this hopping, the excitons produced
during the electronic excitation are consumed aachat available for defect production.

e 10 Gy

10° Gy
——10°Gy
Unirradiated

Intensity (a.u.)

1200 1000 800 600 400 200
Wavenumber (cm™)

Fig.4: FTIR spectrafor theun-irradiated and electron beam irradiated sodium-barium borosilicate glass
samples; the changein the band position is marked by the dotted line

Fe Concentration in mol%

Intensity (a.u.)

T T T T T T
0 100 200 300 400 500
H (mT)

Fig.5: EPR spectra of the Trombay nuclear waste glassirradiated with gamma dose of 2.5 M Gy as a function
of iron content

In the ESR study of electron beam and gamma inedliglasse$13, 15], we had provided a
detailed analysis of the radiation induced radigalhe Trombay glasses. In this particular glass
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composition it was observed that at least foureddht defect centers were generated as a result
of irradiation. These were the common boron oxyigele trapped species (BOHC), silicon hole
trapped species, electron trapped species (F sg¢raed Oxy radicalgl2, 13, 15] In addition,

an ESR spin counting technique was used to quathigynumber of defect centers formed in the
glass[13]. This study concluded that even with?1®y of electron dose the total number of
defect centers were few hundreds of ppm indicatwegstability of the glass.

I nvestigations by positron annihilation spectroscopy (PAS)

Through PAS technique, the free volumes/defectsigity of materials can be characterized in a
non destructive manner. PAS has been utilizedvesiigate the changes taking place in electron
beam irradiated Trombay nuclear waste glagkgfks Figure 6 shows the PAS lifetime results for

the electron beam irradiated glasses as a funofialose. Here, the lower graph (A) shows the
variation of the ortho-positronium pick-off lifentie and the upper graph(B) shows the variation
in the pick-off intensity.

,00)
——
—a—
@

T,(Ns)

10¥madds” 10° 10° 10°
Unirradiated  gjectron Dose (Gy)

Fig.6: Variation of the pick off lifetime and pick off intensity for the electron beam irradiated Trombay
nuclear waste glass samples as a function of dose

The results showed that, the o-Ps pick-off lifetiftp and the pick-off intensity §) in electron-
irradiated samples are higher than that in thertaaliated ones and the values increase with the
dose. The increase in lifetime is related to tleeaase in free volume size inside the borosilicate
glass samples due to the effect of electron irtemiaThe free volume size of the glass sample
(R) was calculated from pick-off lifetimeg) using the following equation.

- - Dsin )
P = V" R=AR Im° R=AR/

Here 1, is measured in ns and R (radius of the spherieg/defect volume) is in A. Th&R

(1.66 A) is the electron layer thickness insidewrad of the spherical free volume. The increase
in the positron life time with irradiation suggestthat the positron annihilation process gets
delayed because of its trapping in voids, alsorrefeto as free volume. As a result of
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irradiation, more and more such type of voids ofedks traps the positron and inhibits the
annihilation process thus increasing the life time.

I nvestigations by Raman Spectroscopy

Using high power lasers as excitation sources,of@@man spectroscopic technique can be used
to investigate the changes occurring at surfacel la\so. Earlier it has been reported that upon
irradiation, the Si—O-Si bending vibration modesd #me Q species (Qspecies correspond to
SiO, units with ‘n’ bridging oxygen) in glass matrixeashifted to higher wave number along
with a change in the 41D, ratio. Raman spectra of the alpha irradiated gkass a function of
radiation dose are given in figure 7. It was obedrthat, all the peaks of the irradiated sample
were shifted by 10-25 ctowards the higher wave numbers. This was morejment in the
vibrations of the Si-O-Si group (400 &

5 101 Gy
41 7x10%° Gy
34

10%° Gy
2 N

0 T T T T T T
200 400 600 800 1000 1200 1400 1600

Raman Shift (cm ")

Inensity (a.u.)

Fig.7: Raman spectra of the Trombay waste glass samplesirradiated with “He as a function of dose

This shift is because of the reduction in the maagle of the Si-O-Si bonds as a result of the
alpha irradiation. It was also observed that, wittreasing dose, the,@uean band position
shifted towards a higher ‘n’ value indicating in@se of the silicate network polymerization
under alpha irradiation. This type of structurablesion has been attributed to the migration and
aggregation of alkali ions during the irradiatif8, 19] It is thus inferred from the above
Raman spectroscopic results that, alpha irradiatfdhe Trombay nuclear waste glass, modifies
the glass network enhancing the alkali migratiod kigher extent of polymerization.

Summary

Our study concludes that with the help of differepectroscopic techniques, it is possible to
exactly pin point the nature of radiation damageuogng in the glass samples. Techniques such
as EPR, PAS provide information about the micrastmal changes in the glass matrix. On the
other hand, PL, IR and to some extent Raman sBtipy are macroscopic in nature where they
give information regarding the bulk nature of tleenple. From the above discussion it is clear
that, indeed, the borosilicate glass samples, f@educlear waste vitrification, undergo a lot of

structural modification on irradiation. Howevergthverall glass network remains unaffected to
a large extent by the irradiation. The glass contiposwas found to be stable at a cummulative
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radiation dose of I Gy. Considering 20% loading of the nuclear wastehie glass, this
radiation dose is equivalent to a storage periotkwfthousands of years. In addition, the “self
healing” effect of the Trombay glass was demonstkivhere incorporation of iron, increases the
radiation stability and reduces the radiation damgie glass.
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Thioflavin T (ThT), a benzothiazole-based catiodige, belongs to the “gold standard” for
selective staining and identifying amyloid fibrikgth in vitro and vivo. Amyloid fibrils are
denatured filamentous form of protein responsiblesieveral neurodegenerative diseases, such
as Alzheimer's and Parkinson’s diseaSé3n association with amyloid fibril, ThT shows a
remarkable enhancement in emission yield, whenmeasgater, ThT is very weakly fluorescent.
ThT binds specifically with the amyloid form of tipeotein, without any significant interaction
with the protein in its native form. This makesihighly selective and efficient reporter for the
real time observation of fibrilation in solutionowever, despite its widespread use in detecting
amyloid fibrils, the basic molecular mechanism behits fluorescence sensing activity of
amyloid fibril was not properly understood. So wmk up a detailed investigation of the
photophysical behavior of ThT in homogeneous sdieand in several confined micro-
heterogeneous environments, to gain a better uatieling of the factors responsible for the
fluorescence sensing ability of ThT.

\@is N/
.:.2 < > \
A
Thioflavin T
Scheme 1. Chemical structure of Thioflavin-T

The emission yieldd;) of ThT in water is very low (~ 1%)? suggesting that ThT bears a very
efficient non-radiative process in its electronicieed state. Using fluorescence up-conversion
spectroscopy, which is capable of reporting thdtedaestate dynamics down to sub-picosecond
time-regime, we have observed that the excitec ifThT decays on picoseconds (ps) time
scale in watef.The excited sate decay trace displays a multi+eaptial kinetics at any given
emission wavelength, and also shows a very riclsgion wavelength dependent dynamics. The
detailed analysis of the wavelength dependent igahsdecay traces reveals that, upon
photoexcitation, ThT undergoes an efficient nonatike process with a time constant of 0.57
ps2 Thus, due to the presence of such ultrafast ndiatiee process, the emission quantum yield
of ThT in water is very low.

With an aim to understand the origin of this veffyceent non-radiative process, we carried out
detailed investigation of the photo-physical prdjesr of ThT in various homogeneous and
confined micro-heterogeneous media. In homogensolyents, it was found that the emission
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guantum yield and the excited state lifetime arg/ \&ensitive to the viscosity of the medium.
For example, the excited state lifetime varied fi@® ps in acetonitrilen&0.35 cP) to 17.6 ps in
ethylene glycol{=17.6 cP) This prominent effect of viscosity on the non-gilie relaxation

of ThT, suggests the presence of a large amplitoigonal motion in the excited state of ThT.
By detailed investigation of the excited-state dyies of ThT, and with the aid of quantum
chemical calculations, we have established thabnugdectronic excitation in solution, a large
amplitude non-radiative torsional relaxation arowedtral C—C bond of ThT takes place on a
barrier-less potential energy surface. This to@iorlaxation leads to the rapid conversion of
initially populated strongly emissive locally exait state (LE) state to a very weakly emissive
twisted intramolecular charge transfer (TICT) statlich quenches its emission in water and
other low viscosity solvents (Figure ij.It is believed that the dramatic increase in thd T
emission, on association with the amyloid fibrigsults from the restriction of an ultrafast
torsional relaxation around central C-C bond ingkeited electronic state of ThT.

hv

Potential Energy

/,i s

Torsional Motion
Fig. 1. Schematic presentation of the excited staterelaxation pathwaysof ThT

—

Thus, knowledge of the photo-physical behavior loé photo-excited ThT molecule under
different restricted environments is very essentralorder to understand the underlying
mechanism for the enhancement of the fluorescemiss®mn yield of ThT in amyloid fibril.
With this aim, we have investigated the behavioplodto-excited ThT in several confined media
such as nanopool of reverse micelles, nanocavitycdbdextrins, etc.

Water/aerosol-OT (AOT)/oil reverse micelles is afighe systems that can provide nanometer-
size confined water pool and has been extensivetlies] as a model system to mimic the water
in biological systems. Interestingly, the size bk twater pool, and hence the extent of
confinement, in the AOT reverse micelle can be gedrsystematically, in a controlled manner,
just by changing the water to surfactant ratio)\VWWWe have demonstrated that, due to the
confinement, torsional dynamics in ThT becomes \&uggish. Due to this sluggish torsional
motion, fluorescence enhancements of about 25Cstimege been observed in the AOT reverse
micelle as compared to bulk wafeHowever, with increase in the water pool size,hbot
fluorescence quantum vyield and excited-state fifetdecreases non-monotonically (Figure 2).
Such a decrease in the fluorescence quantum yieléxcited-state lifetime has been attributed
to the faster torsional motion in the larger watteols of the reverse micellé$iowever, we also
observed that the torsional motion does not re&ehsituation prevailing in bulk water and
remains restricted even in a very large water pobis result has been rationalized in terms of
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electrostatic interaction between the probe andstitactant head groups, and also the effect of
the bound water, which move unusually slow evea large water pool of the reverse micelle.
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Fig. 2: Variation in the relative ¢ values of ThT in the reverse micelle with respect to that in water (O), and
aver age fluorescence lifetime (V ) of ThT with the W value of AOT reverse micelle

The effect of the head group of the surfactantdhenphotophysical properties of ThT in the
reverse micelle was also investigated. Howeverprgingly, in a reverse micelle, with the
cationic head group of the surfactant (BHDC/benaeatr) system, the nano-confinement
shows quite extraordinary electrostatic behaviocampared to other normal charged surfaces.
ThT was found to be associated with the cationadhgroup, despite bearing the similar charge.
This unusual behavior in the nano-confined watex pb cationic reverse micelle was attributed
to the possibility of stronger electrostatic scragrof the repulsive interaction of the ThT and
the surfactant head group, due to the presencargé Inumber of counter ions in the small
confined water pool. Other contributing forces, &oés this unusual attractive interaction, could
be the hydrophobic interaction between the prolaethe surfactant molecules;z andn—cation
interaction between the aromatic ring of the BHD@factant and the ThT moleculdn a
neutral reverse micelle, consisting of TX-100 scidat, a considerable increase in the emission
intensity and the fluorescence lifetime of ThioftaW was noted as compared to bulk water,
which indicates the effect of confinement on thetpphysical properties of ThT, in these self
assembled systerfisHowever, the photophysical parameters of Thioflaliin Triton X-100
reverse micelle remained almost invariant with ithereasing water content, which is in sharp
contrast to its behavior in ionic reverse micellEsis behavior has been rationalized on the basis
of the differences in the localization sites of thebe in the nonionic and ionic reverse
micelles® Thus, our results on ThT in reverse micelles ssgg®t the reaction dynamics of the
probe in the nano-confined water pools of revergeelhe are strongly influenced by interfacial
charge, which in fact control the location of thielge in the reverse micellar systems.

The effect of supramolecular confinement on thetgbloysical behavior of ThT was also
investigated in both neutr@tCyclodextrin 3-CD) and its charged derivative, Sulphobutylether
B-cyclodextrin (SBEB-CD).”® The encapsulation of ThT inside the nanocavitySBE$-CD
results in a significant increase in the emissittensity and the excited state lifetime of ThT
(Figure 3), when compared with natifeCD. Detailed analysis of the time-resolved emissio
spectra (TRES) shows that the confinement insidendmocavities of cyclodextrin derivatives
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significantly affects the torsional dynamics of Ta3 compared to bulk water. The ionic strength
of the medium significantly affects the complexatiof ThT with SBEB-CD, which indicates
that the interaction between the host and the gsggsedominantly electrostatic in nature.

The results further suggest that the hydrophobieraction in SBE-CD is comparatively
stronger than the nativeCD.2 Thus, our results on the supramolecular confingénoérrhT
inside the cyclodextrin nanocavities infer thatsides other factors that are operative in the ThT-
fibrilar system, confinement might be one that isimty responsible for the observed
fluorescence enhancement of ThT in amyloid fibrils.

ThT:SBE-B-CD
1000 | ]

Counts

ThT:-CD

L ThT
10 Jh: . I\I\A[\ Y

0 5 10 15 20
Delay (ps)

Fig. 3: (Left) Thetransient fluorescence decay trace of Thioflavin- T water (black), B-CD (blue), and SBE-g-
CD (pink).The dotted line represents the instrument response function (IRF).(Right): Optimized geometry
for the ThT-SBE-B-CD 1:1 complex

Considering the extreme sensitivity of ThT towatidks restricted environment, we exploited its
potential to detect small structural changes inleiocacids in the premelting regiSrThese
small structural changes play an important rolhebiological activity of DNA at physiological
temperature. It needs to be stressed that convehtaptical spectroscopic techniques, such as
UV absorption, circular dichroism, etc., has beennfl to be inadequate to measure small
structural changes in the premelting region, egjiigdior large natural DNA.

We have demonstrated that ThT can act as an d@ktflosrescence sensor to sensitively detect
small structural changes in natural DNA at the p#img temperature region, and is superior
than most commonly used DNA staih$Ve also demonstrated that ThT acts as an excellent
probe to monitor the interaction between the iofiquid (IL) and DNA!® The better
understanding of such biomolecule—IL interactiorchaism will lead to efficient application of
ILs in different biological research.

Finally, we investigated the photo-physical behaefoThT in the insulin fibrils. The association
of ThT with the insulin fibrils causes an enhancetra ~ 160 times in its emission yield, and
the excited state lifetime was found to increasemfr~1 picosecond in bulk water to ~ 1.3
nanosecond in insulin fibrils. Thus these data satgthat the torsional relaxation in ThT is
strongly inhibited on association with insulin fibr®
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Fig. 4. Transient decay traces for ThT in insulin amyloid fibril (blue solid line) in the nanosecond time
regime. The decay tracefor ThT in bulk water (green) is also shown for comparison which is (shown in red)
limited by instrument response function

Thus, we have experimentally demonstrated, forfitisé time, that the low emission yield of

Thioflavin-T in low viscosity solvent is caused by efficient torsional relaxation in its excited

state. We also demonstrated that the restrictioth@ftorsional relaxation of ThT causes large
changes in its emission properties, which makes #ensitive reporter for several confined
environments including amyloid fibrils.
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Abstract

At Centralised Waste Management Facility (CWMF), Pressure Tubes (PTs) were received from
MAPS Unit—Il & Il during en-masse replacement of coolant channels as part of life extension.
In 2002 campaign, Unit—Il PTs were received as waste; cut into two half's and permanently
disposed in Tile Holes (TH) at CWMF. But in 2005 campaign, Unit—I PTs were stored in an SS
lined pool under DM water for further processing for the recovery of hafnium free zirconium.
At the end of the pool storage period, a process was evolved to reduce the volume of the PTg
and store in dry condition in Tile Holes on campaign basis in a retrievable manner till a
process for the recovery of zirconium is available in plant scale. A detailed process flow sheet
was prepared; sub-systems were designed, fabricated and erected. Inactive trials were carried
out successfully. Active operations involving retrieval of pressure tubes, removal of shield
plugs, compaction & shearing into small size pieces, collection of the pieces in SS drum and
storage of the drum in Tile Holes were demonstrated to safety committee. After obtaining
clearance, campaign of processing of 300 Pressure Tubes was completed successfully. Thig
campaign was executed with due consideration to safety, minimization of radiation exposure
and minimum use of precious waste disposal space. This paper outlines the design, erection
and commissioning of the system and its component equipment. It also summarizes the
challenges overcome and experiences gained during this maiden campaign for storage of a
wealth of 11 tons of zircalloy for future retrieval of Hf-free zirconium.

Introduction

The MAPS is a heavy water cooled and heavy water moderated Pressure Tube type CANDU
reactor. Each pressure tube is inside an outer tube called Calandria tube. Pressure tubes play gn
important role by isolating the high pressure primary coolant and the moderator. During 2005,
the PTs of the MAPS-1 reactor were replaesinassedue to various factors like induced
neutron / hydride embrittlement, creep / growth, fatigue & corrosion etc. After their removal
from the reactor, the PTs (contact dose ~1000s of R/h) were transported to CWMF in shielded
casks as Category-lll radioactive solid wasted stored in an SS lined pool in racks under DM

water. Figure-1 shows the view of the pool before and after storing of PTs.
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FPoal ready to receive Pressige Poaf with Pressure Tubes
Fihes

Fig.1: View of the pool before and after storing of PTs

The irradiated pressure tubes with shield plugs &ddrge inventory of activation product

radionuclides; namely Cr-51, Co-58, Fe-59, Co-609%, Nb-95, Hf-181, Zn-65, Sbh-124, Sb-

125. The longest half life amongst these radiodesliwas of Co-60 i.e.5.3 years. The
radioactive wastes inventory as on 281@neasured before the campaign for design
requirements were as given in Table-1.

Table 1: Inventory of Radioactivity as on 201!

[tem Qty(Nos.) Activity content Dosgr:g Ston
PT with 298 441040 TBq
shield plugs (11920 Ci)
inside 250 -300 R/h
Calandria 2 2960 TBq
tube (80 Ci)

At the end of the pool storage, it was decidecethuce their volume and store them retrievably
in tile holes for future recovery of zirconium. Aetdiled process flow sheet was prepared for
these operations. The sub-systems were desigred;died, erected and commissioned. Safety
committee approval obtained for campaign on theenedl of pressure tubes (PT) from pool,
their volume reduction and storage of the drumiEile holes.

The Campaign

In each cycle of the campaign, one pressure tube, with surface dose of 100-150 R/h
(reduced from 1000s of R/h due to decay of sheedliradionuclides), was retrieved from the
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pool using a split cask and processed. The follgvparagraphs describe the equipment used
and operations carried out during the various stépise campaign.

Retrieval of PTsfrom Storage Pool

The specialty of the split cask is that it is splirizontally with a removable top-half and at the
same time, has ports at both ends for axial movemietne PT. To retrieve the PT from the

pool, the bottom piece of split cask was lowerethgi0 Te gantry crane and placed on the
pad provided inside the pool. A pressure tube kst out from the rack using a pneumatic
tube handling device and placed in the cavity efgplit cask. Split cask cover was next placed
over the lower portion. The entire assembly oftsgisk was then lifted out of water and held
over the pool for sufficient time to allow the wate drain completely. The cask was then
shifted to Shield Plug Removal Station (SPRS) wisch 150 mm MS shielded and ventilated

enclosure. Figure-2 shows the operation carried out in the storage pool.

Lowing bottom Taking out PT Placing the top cover Lifting entire
piece of split cask Jfrom the rack of the split cask split cask

Fig.2: Operation carried out in the storage pool
Removal of Shield Plugsfrom PTs

Before transfer of pressure tubes from MAPS, two shield plugs on either ends were pushed into
the tubes. So, prior to taking up compaction and cutting of PTs, the shield plugs were to be
removed and it was carried out in Shield Plug Removal Station (SPRS). The split cask, with the
pressure tube inside, was placed on a trolley at one end of SPRS with the help of the crane ang
mated with enclosure port. A shield plug collection device was placed on its trolley on the other
side of the enclosure, aligned and sliding doors of the ports were opened. The tube was fed into
the enclosure using pusher ram.

It was held there with clamps and burr on ID of the PT removed using wedge shaped conical
cutter. Next, the shield plug was pulled out of the PT into the cask with a special shield plug
removal tool. After closing the ports, the shield plug was transferred to a drum and disposed in
RCC Trenches. The pressure tube was retracted into split cask, sliding door closed and the split
cask was rotated by 180°. The other shield plug was also removed similarly and the cask with
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PT was next transferred to Compaction and Cuttiagid (CCS). Figui-3 shows the view of
Shield Plug Removal.

ey -

=z

Fig.3: Shield Plug Removal Station
Volume Reduction of Pressure Tubes

Compaction and Cutting Station (CCS) was also amm MS shielded and ventilat
enclosure. Compaction and cutting machine was hbusethe enclosure. It also had
manipulator to collect the PT pieces which getatiated from thintended position. For takir
up cutting, the split cask was aligned to the esuale port of CCS, sliding door was opened
the tube was fed into CCS in incremental movemeh0( mm by operating the feeding ra
After each feed, the length of zmm was flattened using the 156 compaction ram ar
sheared with 100e ram. The operation was controlled using a PLE8ethacontrol systel
supported by view through a CCTV camera. The chopeces were collected through hop
in an SS drum located on ttrolley below the hopper. Five tubes were cut dreldrum wa:
retrieved into the drum disposal cask through otapening door. Figu-4 shows the views
of volume reduction operations at C:

Fig. 4: Views of Volume Reduction Operation
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Storage of PT piecesin Tile Holes

The SS drum with five PTs cut pieces in the dispoaak was transported to Near Surface
Disposal Facility and stored retrievably in tiledsfor future recovery of zirconium.

Obstacles Overcome During Inactive Trails

After completion of fabrication and erection worksials were carried out with inactive
zirconium alloy tubes to validate operating and ntexiance procedures. This resulted in the
following improvements:

v' Compensatory shielding was provided at enclosures d CCS minimizing radiation
field in the working area during the actual campaig

v' Chamfering was carried out on split cask door fmrismooth movement of the shield
plug from PT into the cask.

v' PT guiding unit was modified to fully encase the$dure tube to prevent fragments
from spilling out (and remain in guiding unit) &rfemooth retraction of PT into the
cask.

v" Machine base and hopper was modified so that thpieaes fall automatically into the
SS drum.

v Modification was carried out on SS drum lid hingedimit the angle of rotation of lid
and automatic closing during its movement to castkoln position.

Active Trails — Further Challenges Faced

Active operations with actual 5.2 meter long presswubes with surface dose rate of few
hundreds of R/h were demonstrated to safety comenitepresentatives. During the trials
following difficulties were faced and overcome sessfully.

* Shield plugs could not be taken out of the tubes tiupresence of burr on inner
diameter of the PT. This was because PT's werewutrom their original location at
MAPS using a chip-less cutting machine with a disker feeding from ID to OD. Due
to this, deformation occurred on the inner surfat¢éhe PT, reducing its ID by about
1mm at cut ends. Hence, an additional step of ramoivburr using a wedged shaped
cutting tool was introduced in the procedure fag thmoval of shield plugs. With this
modification in the SP removal procedure, all theelsl plugs could be removed
without any difficulty during actual operations.

* In Compaction and Cutting Chamber, after flattenaighe PT, while shearing it was
observed that a few pieces are travelling like gotlles and falling outside the chute
provided for collecting the pieces. The shortcomiwas overcome by providing a hood
to the cutting ram.
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Operational Experiences
Some interesting experiences are shared below:

v During the campaign, the burr removal tool wore tite i.e. after processing about
60 and 220 tubes; the tool was changed with nelhatw operation continued.

v During the campaign, the shearing tool was chamdged processing 29 PTs. Since the
available shearing tools were found to wear out goon, after a review of the tool
material, shock resistant tool steel was selected taol fabricated. The new tool
needed replacement only once i.e. after proce28d°Ts.

v" Replacement of HEPA Filters: First and SecondrSlteere replaced during processing
of 23rd and 43rd PTs. To reduce the load and teeptecontamination of ducting, a
pre-filter was installed at enclosure exhaust. Wied & fourth HEPA filters needed
replacement at 154th & 252nd PTs. Final HEPA filtexs disposed after completion of
campaign.

v' Cut pieces of only 5 PTs were placed in one drumirsg envisaged 10. About 60
drums have been stored in 12 Tile Holes

Conclusion

» The campaign of retrieval, volume reduction andage of high active pressure tubes
involving their handling in heavy lead shielded ksasind enclosure was completed
successfully.

» About 11 tones of pressure tubes could be reduzed minimum volume and safely
stored retrievably in Tile Holes from where thesa be taken out at a later date for
recycle & reuse of precious zirconium.

» The NSDF area consumption was about three timsswlen compared to the MAPS
Unit—Il PTs disposal that was carried out in 2002.

» No overexposure or internal contamination repotetie campaign.

Post-Campaign Activities And Campaign Closure

The campaign was closed after completing the follguWPost-campaign activities:

v' The Pre-filter (dose rate~3.5 R/h) & HEPA filteoge rate~1.5 R/h) of the Compaction
& Cutting Enclosure were removed and disposed iCREnches.

v" The clear liquid from the PTs storage pool wasdpanted to liquid effluent treatment
plant for further processing.

v" The slurry was collected in four drums (each witt06 | slurry) and fixed in cement

matrix. The CWP drums were disposed in RCC Trench.

The PTs storage pool was decontaminated.

The decontaminated SS lined pool has been kefatiore use.

ANIAN
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Before Decontamination After Decontamination

Fig.5: Storage pool before & after Decontaminatio
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Introduction

X-ray Absorption Fine Structure (XAFSyenerally deals with measurement of the fine
structure oscillations present in the absorptioecspm beyond the X-ray absorption edge of
an element in a material and proper analysis detuscillations can give precise information
regarding the short range order and local strucinoeind the particular atomic species in the
material [1]. The experimental X-ray absorption spectrum of a panconsists of two
regions: X-ray Absorption Near Edge Structure (XANH-50 eV to +50 eV around the
absorption edge) and Extended X-ray Absorption Btracture (EXAFS) (from 50 eV to 700
— 1000 eV above the absorption edge). The formersgnformation on the oxidation state of
the central atom in a compound whereas the laitegsgelevant information regarding the
bond length and the coordination number around prebed atom as well as disorder
factor in the system. The detection of these foscillations requires a tunable and bright
X-ray source like synchrotron in which radiation esnitted by high energy accelerated
electrons. With the advent of modern bright syntioro radiation sources, EXAFS has
emerged out to be one of the most powerful teclesdar local structure determination, which
can be applied to any type of material viz. amogsholycrystalline, polymers, surfaces and
solutions under different ambient and extreme emvirental conditions. EXAFS beamlines are
one of the most significant and extensively usqueernental facilities at Synchrotron radiation
sources all over the world. At INDUS-2 SRS at RRCATdore, earlier an energy dispersive
type EXAFS beamline at BL-08 port was established i&is operational since 2009 [2]. This
beamline covers the photon energy range of 5-20&a¥in this beamline, the entire EXAFS
spectrum of the samples can be recorded in a ssigie within a time scale afB00 msec.
Hence this idest suited for studying in-situ fast and time-heso processes. However, in the
dispersive beamline (BL08), the spectra can berdecbin the transmission mode only and this
requires uniformly thick and very thin samples #otifact-free results. Hence samples with
very low concentrations or thin films deposited thick substrates cannot be studied in the
above beamline. So it was very much needed to dpvahother EXAFS beamline where
measurements in both transmission and fluorescemades are possible. With this goal in
mind an Energy Scanning type EXAFS beamline haa degeloped at BL-09 port of INDUS-
2 synchrotron source and has been commissionedthg{® 4]

Beamline Description

The specifications of the Energy Scanning EXAFShileee (BL-09) are given in Table-1 and
the optical layout of the beamline is shown in Hig.
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Fig.1: Optical layout of the BL-09 EXAFS beamline

Table 1. Important specifications of the BL-09 beamline

Energy range 4-25 keV

Ener gy Resolution (E/AE) 10° @ 10keV

Flux@ Focus 1011 ph/sec/0.1% band width @2.5 GeV, 300mA
Focal spot size 0.50 mm x 0.50 mm

The beamline uses a 1.3 m long meridonial cylirdrimirror with radius of curvature 11.2
Kms for vertical collimation of the beam. This minis followed by a fixed exit type
double crystal monochromator (DCM). The DCM corssisf two Si (111) crystals with
2d=6.2709A and narrow Darwin widths. The fixed dsitrealized by varying the relative
lateral and vertical distances between the twotalysat each energy setting, maintaining
parallelism between them. The second crystal of B&M is a saggital cylinder with
variable radius of curvature in the range In?2to flat, which provides horizontal
focusing to the beam. A post mirror with meridon@lrvature is used upside-down for
bending the beam path to horizontal direction aganwell as for vertical focusing of the
beam at the sample position. Higher harmonicsejested by changing the angle of incidence
at the second mirror. Each of the two cylindricalrors has two coating strips, viz., of
Platinum (Pt) and Rhodium (Rh). Rhodium has thegii®n edge at 23.2 KeV (K-edge) and
Pt has L1, L2 and L3 absorption edges betweenHKéa\bto 13.9 KeV. So to cover the energy
range of 4-25 keV, coatings of Rh and Pt are ufbd.beamline has been installed in two main
parts namely optics hutch and experimental hutch.

The optics hutch consists of the optical componerds slit system, grazing incidence X-ray
mirrors, beam viewer, double crystal monochromd@€M) and Beryllium window. The
entire optics hutch is at Poorr vacuum and separated by front end and expertah hutch
using 20@um thick beryllium windows.The experimental hutcheiguipped to record EXAFS
spectra of the samples. For measurements in timsnttasion mode, the sample is placed
between two ionization chamber detectors. Thest filonization chamber measures the
incident flux (}) and the second ionization chamber measuresahsmitted intensity {).
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Absorption (1) is calculated using formu u = log I,/I;. A third ionization chamber is also
usedwhere reference metal foils are measured for enea@iigration. For low concentration
dilute samples, fluorescence is recorded usingelgtisilicon drift detector which are placed

in front of the sample ni 45° degree geometryThe photographs of the Optics &
Experimental hutches of the beamline are showvFigs. 2 and 3.

Sample
pasitio)

: 1111 yDouble crystag
o % #Sinonochromator -

Fig. 3: Photograph of the Experimental hutch of

Fig.2: Photograph of the Optics hutch of the
the beamline

beamline

To cater to different users several auxiliary fa@ktihave also been set up in the ak
beamline. These include two high temperature dléd can go up to 700K and 100i
respectively (in collaboration with Ch.D & FCD, BAR in which it is possible to rry out
measurements under various gaseous environment€l,, H,S, inert gases etc. The sam
can also be handled in different forms such as jpogdisolid compressed to pellet form
sample on tape. A special quartz cell fitted withpton window s also available for

measurement of liquid sample
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Fig. 4. (@) Comparison of K-edge EXAFS spectra of a Vanadium metal foil measured at BL-09 of INDUS-2
with the one measured at Stanford Synchrotron Radiation Light source (SSRL) USA.
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Fig.4: (b) X-ray absorption near edge spectrum (XANES) for commercial Vanadium Pentoxide (V,0s)
powder measured at BL-09 of INDUS-2

The experimental station is also equipped withva temperature He-gas cooled closed cycle
cryostat which can go down to 4.2 K (in collabayatiwith HP&SRPD, BARC). The
specialized software of the beamline, which costible various diagnostic components and
also the data acquisition software that collecta éi@m the ionization chambers or solid state
detectors in synchronization with the movementtef touble crystal monochromator have
been indigenously developed on a lab-view platfofime software has been made in a menu
driven user-friendly mode so that non-expert usars also operate the beamline with a short
training. After commissioning, the performancelod beamline has been tested by carrying out
several measurements of standard metal foils arideopowders. The K-edge EXAFS
spectrum of a Vanadium metal foil measured at BIeDINDUS-2 along with one measured at
Stanford Synchrotron Radiation Light source (SSRISA is shown in Fig. 4(a). Both the
spectra measured in transmission mode matches oete showing the extent of the
satisfactory performance of the beamline. Fig. Zbpws the X-ray absorption near edge
spectra (XANES) for commercial Vanadium pentoxideds) powder measured at BL-09. The
pre-edge structure shows FWHM of 2eV with very goesblution achievable in the beamline.

I mportant Results

Since commissioning the beamline has been extdpsiged by a large number of users from
various institutes and universities across the tguand many of the results have been
published in reputed international journals. Fewtle# important works carried out in this
beamline recently are described below

Effects of Ni Concentration on the Structural and Magnetic Properties of NiZnFeO4
Ferrites Synthesized via a Polymer Precursor [5]

Fig. 5 shows the XANES spectra at Fe K-edge gZhisFeO, (x=0.2-0.8) nanoparticles
prepared through chemical route.
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Fig. 5: XANES spectra at FeK-edge of Ni,Zn;. Table 2: Percentage of cations in octahedral
«Fe0, (x=0.2-0.8) nanoparticles and tetrahedral sites

The pre-edge feature of the XANES spectra is mathlg to the 4 to 3 (electric dipole
forbidden) quadrupole transition inside the cryfgtice and is attributed to the local mixing of
4p and 3 atomic orbitals, which is allowed in the tetratedymmetry but forbidden in the
octahedral symmetry.Therefore, the enhancemenhefpte-edge peak is due to increase in
Fe’* ion occupancy at the tetrahedral sites with tloeeimse in Ni concentration in the samples.
It was reported that in NiE®,, Ni?* ions have favorable occupancy at the octahedes and
any increase in Ni concentration at octahedraksttghances the Fe occupancy in tetrahedral
sites. The increase in tetrahedral coordinatioReohas also been quantitatively estimated from
the relative increase in the pre-edge peaks asigown in Table-2.

EXAFS measurements on Asymmetric Bipolar Pulse DC magnetron sputtered Ta,Os thin
films[6]

Tantalum pentoxide (£®s) thin films have been deposited on fused silidastates using a
novel Asymmetric Bipolar DC (ABPDC) magnetron sputtg technique under a mixed
ambient of oxygen and argon. Films have been peelpatr different oxygen to argon ratios in
the sputtering ambient and the EXAFS measurementiseofilms have been carried out at BL-
09 in fluorescence mode. Fig. 6(a) shows the vanaif the average Ta-O bond lengths for the
first three Ta-O shellsR,,) as a function of oxygen partial pressure usethdwpreparation of

the samples as obtained from EXAFS measurementke fily. 6(b) shows similar variation of
total oxygen co-ordination numberdN(,, ) around Ta atom in the three shells. It has been

observed that the trend of variation in oxygen wodir@mtion as estimated from EXAFS
measurements follows the variation in oxygen tdaiam ratio in the films as estimated from
RBS measurement as shown in Fig.7(a), while theatran in physical density of the films

obtained from RBS measurements, as shown in Fig.ig(lound to be opposite to the variation
in Ta-O bond lengths obtained from EXAFS measureésien
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Finally these results have been useful to explanvariation of macroscopic optical properties
of the films viz., intrinsic refractive index andamd gap as a function of oxygen partial
pressure.
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Fig. 6 Variation of the (a) average Ta-O bond  and (b) physical density of the films as obtained
lengths and (b) total oxygen co-ordination numbers  from RBS measurements as a function of oxygen
(Neota) around Ta atoms as a function of oxygen partial pressure used during deposition

partial pressure used during deposition
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Local structure investigation of (Co, Cu) co-doped ZnO nanocrystals and its correlation with
magnetic properties

Pure, Co doped and (2.5% Co, 2.5% Cu) co-doped Zaridcrystals have been prepared by
wet chemical route to study the possible enhancenmmemagnetization of Co doped ZnO
system due to an increase in carrier concentrabgnCu doping.Fig. 8 shows the
magnetization (M) vs. applied field (H) curves 05% Co doped, 2.5% Cu doped and (2.5%
Co, 2.5% Cu) doped ZnO samples measured at 300 K.

It can be seen that though the Cu doped sample doeshow any magnetic hysteresis
behavior, whereas 2.5% Co doped sample revealsatiadnysteresis behavior with saturation
magnetization (M) close to 0.095 emu/gm. It is also found that(tbe,Cu) co-doped sample
shows a non-saturation trend, with almost a linearease in magnetization with magnetic
field and its magnetic moment value is less tham @o doped sample. The decrease in
magnetization in the (2.5% Co, 2.5% Cu) co-dopedpéa compared to the 2.5% Co doped
sample has been investigated by EXAFS measurenfégt(a) represents FT-EXA X (R)
versus R spectra of 2.5% Cu doped ZnO samples measured Kté&ige along with the best
fit theoretical spectra where the fitting has bearried out by using CuO structure while Fig.
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9(b) shows the fitting obtained by assuming wuetZihO structure and replacing the central Zn
atom with Cu. Comparison of the above spectra shihas the local structure of Cu ions

resembles that of cubic CuO rather than ZnO tethaheor in other words it proves the

presence of CuO phase in the co-doped ZnO NCspidsence of CuO phase is detrimental to
the magnetic properties of the sample which catisgseduction in the magnetisation of the
(Co,Cu) co-doped sample compared to the Co dopagdisa

0.10 1 1 1 1 1

2.5% Cu 0.25- (a) ® Experimental data
2.5% Co J Theoretical fit
2.5% Co, 2.5% Cu
0.05+
I3 0
<
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Fa P P Fig. 9: FT-EXAFS spectra of 2.5% Cu doped ZnO
Fig. 8: Magnetization (M) vs. applied field (H) curves of i
2.5% Co doped, 2.5% Cu doped and (25% Co, 25%  Samples measured at Cu K-edge along with the

best fit theoretical spectra where the fitting has
Cu) doped ZnO I ed at 300 K
u) dop Nt samplesmeaslired & been carried out (a) by using CuO structure and

(b) by assuming wurtzite ZnO structure and
replacing the central Zn atom with Cu
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Abstract

A 400 keV deuteron Radio-frequency quadrupole (RFQ) has been designed, developed
and commissioned at BARC, Mumbai. In order to ease the fabrication a conventional
(LANL) design procedure was adopted, where the vane voltage and cross section of
RFQ are kept constant. The complete beam dynamics, 2D and 3D cavity dynamics were
studied using the computer codes LIDOS, SUPERFISH and CST Microwave studio. The
1.1 mlong RFQ operating at a frequency of 350 MHz required RF power of 60 kW to
accelerate the deuteron beam to a final energy of 400 keV with beam transmission of ~
95%.

Introduction

Radio frequency quadrupole (RFQ) accelerators xensively used as injectors in the
high current linacs because of their remarkablealo#ipy of simultaneously focusing,
bunching and accelerating the low-energy ion beavite high transmission and
minimum emittance growth [1]. In a conventional @ecator such as the drift tube linac
(DTL), bunching is accomplished prior to injectiorto the linac using RF bunching
cavities. In buncher cavities, RF electric fielde applied to the DC input beam to
produce a velocity modulation in which early pdetscare decelerated and late particles
are accelerated. For high-current beams, the bogdkinot very efficient because of
the high space-charge forces at low energies. gh mtensity beams, the bunching
process causes an increase in the beam densith witreases the space-charge forces
further resulting in an increase of the transvdream emittance. The conventional
DTL linacs, in order to make the efficient use oflDstructures, the extraction voltage
of the ion source was increased to about 0.70 Mdhegated using the Cockcroft
Walton generators. The fundamental limitationshef tonventional linacs was not only
in terms of beam current, but also the reliableraen of HV columns, which was
responsible for the large fraction of the machinengtime. Beams were also lost during
their focusing and bunching before injection inke tlinac.A RFQ uses the velocity
independent transverse electric focusing at lowges which gives a significant strong
focusing as compared to conventional linacs thamadly use velocity dependent
magnetic lenses.This allows one to extend the ipedatange of operation of RFQs to
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low velocities, thus eliminating the need for lardggh voltage dc accelerators. The
RFQ accelerators are well suited for acceleratibheams with low velocities in the
range of about 0.01 to 0.1 times the speed of.lifimice RFQs bunch the beam
adiabatically, by proper choice of parameters areachieve a high beam transmission
(> 90%).

Brief description of the work

The front-end of the proton linac driver for an Algrator-Driven System (ADS) has
been conceptualized as a 20 MeV, 30 mA, CW prdtaac) and has been implemented
as the Low Energy High Intensity Proton AccelerdtdHIPA) project at BARC [2].
This will consist of a 50 keV ion source, a 3 Me¥,m long, radio-frequency
guadrupole (RFQ) and a 3-20 MeV, 12 m long, dufie linac (DTL).Since RFQ
technology is challenging, it was decided to desigd build, as a precursor, a 400 keV,
1.1 m long deuteron RFQ, which can also be used4dvleV neutron generation [3,4]
using D-T reaction. After considerable design efforand after ascending a steep
technological curve, this RFQ was developed andessfully commissioned [5,6]. The
system consists of: (i) an ion-source that canvdeldeuteron beams at energies up to
50 keV, (ii) a Low Energy Beam Transport (LEBT)dinonsisting of two solenoids [7],
two steerers, and various diagnostic elements, tfié 400 keV RFQ [6], (iv) a 80
analyzing magnet (v) a 60 kW RF system at 350 M8]z énd (vi) a 50 kW power-
coupler [9] that couples the power into the RFQviigtter than 99.5% efficiency.
Based on the simulation studies, the RFQ made d& Gdpper was machined and
vacuum brazed at BATL, Trivandrum. For an RFQ toknefficiently, it must be made
with high level of geometric precision. A seriesmogéasures were taken to achieve the
desired level of accuracies. While brazing we aeld@ two stage brazing process, in
the first stage RFQ vanes were brazed, using RBEB8% Ag+27% Cu+5% Pd), in a
horizontal vacuum furnace. In the second stageptitess and end flanges are brazed
using Cusil (28% Cu+ 72% Ag) as a filler materigte RFQ after  and 29 brazing is
shown in Figs. 1 & 2. The various tolerances aakdeduring fabrication were: (1)
vane position within £ 3@m, (2) vane modulations within £ 20n, (3) vane thickness
within £ 10um, (4) vane flatness within + 20m.

Fig. 1: RFQ after 1% Brazing
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After brazing, the RF characterization was doneés tmainly involved frequency
measurements, field tuning and quality factor meseents. Field distribution studies
were done using the bead pull measurement setwgdaged in the lab [Fig. 3].

Fig. 3: Bead-pull measurement setup

Initially, the magnetic measurements were doneguaimetallic bead made of brass of
®6 mm for the flush tuner conditions. In order thiawe the required field distribution
the perturbative analysis of the RFQ has beenetuaind an algorithm was written to
tune the cavity. With the help of this algorthme tipuadrupole field levels were tuned
within 5% (dQ/Q) and dipole contribution < 4% {fQo, b/Qo) [Fig.4]
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Fig. 4: Final field distribution and dipole and quadr upole contributions
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The tuners were adjusted to get the required fibtdribution as well as resonant
frequency of 350 MHz. After the low power testingdecleaning the quality factor (1
was measured to be 6384 shown in Fig. 5, whicl3 i%of the simulated value.
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Fig. 5: Quality factor (Qo)

After the successful completion of cold testing thgh power RF conditioning of the
RFQ was done. The RFQ required around 60 kW of &kep to compensate for beam
acceleration, vane voltage generation and powesipdison across the RFQ cavity.
Therefore, a 60 kW tetrode based RF system at 3562 Rlfilling all the critical
parameters required for the accelerator, like ngiability, ruggedness, good wall plug
efficiency, high gain and maximum voltage standivaye ratio (VSWR) withstanding
capability, RF radiation limit below IEEE standardow harmonic contents, was
designed, developed and tested [Fig.6].

The RF system comprises of many subsystems sudet@sle based high power
amplifier of 60 kW, its driver and pre-driver anfgrs, directional couplers, rigid
transmission lines, crowbar based fast protectiocuit, 80 kW RF load, a junction
circulator, programmable logic controller (PLC) edsnterlock and protection system,
low conductivity cooling subsystems and many othias supplies of low and high
voltage ratings.
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The power was fed into the RFQ through 60 kW RFpteryFig.7].
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Fig. 7. 60 kW RF loop coupler

The RFQ was conditioned to a peak power of 60 kW widuty cycle of 0.1 % (1 ms

pulse width and 1 Hz rep rate). Once the RFQ waslitioned successfully at a peak
power of 60 kW the beam was injected. In orderdoekerate the beam through the
RFQ a beam line was set up shown in Fig.8.

It mainly consists of a RF ion source (Alphatrdg)p solenoids, two steering magnets,
one bending magnet and two Faraday cups. The rtas@long with the accelerating
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column used to accelerate the beam to 50 keV talied in high voltage deck. This
high voltage deck was tested up to a voltage df\7,5s0 the input beam energy can be
varied from 0-75 keV.

Fig.8: Beam line of 400 keV RFQ

The emittance measurements of the injected beammp®rtant for obtaining the
emittance of the input beam within the acceptedt lohthe RFQ and also in optimizing
the LEBT line that matches the beam from the ionrs® to the RFQ. A slit-wire
scanner based emittance measurement setup waspeydFig.9] for the transverse
emittance measurements of lnd D' beams [Fig. 10]. The emittance measurement
setup consists of movable slits of 0.3 mm width amaVable tungsten wire of 0.05 mm
diameter as shown in Figure 1.

The spatial beam distribution is scanned by thievgtile the angular distribution is
scanned by the wire scanner located at a distanté0omm downstream the beam line.
A 1 um precision linear motion mechanism is usedsfio and wire holder movement.
The beam emittance can be measured simultaneauddgth transverse directions in
this setup. The beam dynamics simulation of the RFRQ injector line was performed
using TRACEWIN with the measured input beam emd¢aparameters. The measured
Twiss parameters for 100 pA, 50 keV, D+ beamoare-0.29,B = 1.28 mm/mrad with
an rms emittancesyms = 2.5 t.mm.mrad [10, 11]. Figure 2 shows the variation of
normalized rms emittance of H+ and D+ beams asnatifin of beam current. The
emittance of the input beam is well within the gteace value of RFQ.
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Results and conclusions

We accelerated both the protonHand deuteron (D) beams through this RFQ. In
order to accelerate the"Hbeam the RF power needed was ~ 15 kW and inpuh bea
energy should be 25 keV. The H+ beam was accetetat200 keV with a transmission
of 70%. The output beam energy and beam currennaesured using the 9bending
magnet and a faraday cup. The variation of trarsomswith input beam energy and
with the RF power was also measured. After sucakasteleration of H+ beam the D+
beam at an input energy of 50 keV was acceleratetD® keV at a peak power of 60
kW. The transmission of 95 % was measured. Theubul) beam energy and its
energy spread were measured usin®®hding magnet and the results are shown in
Fig.11. The results are in good agreement withsiimeilations.
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Fig.11: Output energy of D* beam
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Abstract

Crystal growth systems based on the vertical Bridgman-Stockberger technique have been
developed to grow Tl doped Csl and Nal single crystals of size up to 50 mm diameter and 80
mm length. The growth parameters for each material have been optimized to obtain the device-
grade single crystals for high energy radiation detection. The expertise has been developed to
process the grown crystals and to fabricate gamma-ray detectors. The entire technology
starting from initial chemical powders to finished scintillator detectors coupled to photo-
detectors (both PMTs and photo-diodes) has been developed and the know-how is ready for
transfer to industry.

Introduction

Doped halides are the oldest and most widely uskdilator materials to date. Some of these
(Nal:Tl, Csl:Tl, Csl:Na, etc.) have been deployedvarious applications for over 60 years,
however, the research on these materials to ingptlo®ir scintillation properties is still at the
forefront [1]. Alkali halide scintillator crystalsn particular, Nal(Tl), CsI(Tl), Csl(Na), are
produced usually using directional crystallizatioh the corresponding melt in a crucible
employing the Bridgman/Stockbarger method. The @ridn technique is useful to grow small
to medium size crystals (10 mm — 80 mm diametdrg growth of crystals using the Bridgman
method is relatively simple, however, sticking bétgrown crystal to the crucible wall and
hence its recovery after the growth and thermalhaeital stresses generated are important
issues of considerable interest [2]. Luminescemukszintillation properties of grown crystals
depend on various crystal growth parameters inolyditarting material preparation, growth
process and post growth treatments [3]. In thegmtework we report the growth of device-
grade single crystals of Tl doped Csl and Nal usanghodified vertical Bridgman crystal
growth technique. The design and construction & thodified Bridgeman system and
specially designed crucible employed for the growthTl doped Csl and Nal crystals are
elaborated.

Furnace and crucible design

The crystal growth system is based on the Bridgteahnique. This method is based on the
work of Bridgman in 1925 [4]. This is a popular hacque to grow single crystals of various
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halides. In this method temperature gradient mal@sly relative to a crucible (vertically «
horizontally) until the melt in the crucible solffigis.

The main economic advantage of the method is sirbpkc apparatus, and little opere
attention. Dsadvantages arise from the contact between cantand melt/solid which ce
give spurious nucleation, sticking of the crystafjat inside the crucible and conseque
generating thermal and mechanical stresses.The, thefurnace design, appropte crucible
material and shape take the central stage in degign crystal growth system.The crys
growth system, designed by us consists of two hgatons controlled independently ar
separated from each other using a baffle to iner¢hs temperure gradient and minimiz
temperature fluctuationsThe furnace, developed for the crystal growth, igsof four
independently controlled resistive heating elemeThe bp isothermal zone consistiiof two
heating elementss separated fronthe bottomisothermal zone by a 50 mm thick bal
(adiabatic zone). Four temperature controllers ¢iwarn, Model no. 241) are used to set and
control necessargmperature profiles in the furnace. Fig.1 shovessitthematic diagram of tl
furnace along with photaphs otthe complete crystal growth systeAservo motor with an
appropriategear assembly is us for lowering thecrucible. A translational speed from 0.1
10 mm/h for crystal growth and 150 mm/min for ceasgtting can be set form a touch sci
panel mounted athe top of the furnace. Further, the furnace canrdiate( at elevated
temperatures around heorizontal axis passing throug¢he middle of the furnace. There a
provision to lockthe crucibleassembly while rotating the furnaseheneve required. A
temperature gradient up ®C°C/cm can be sein the adiabatic zone. The axial and ra
temperature profilesf the furnaceare shown in Fig. 2.

Fig.1: Modified Bridgman furnace (a) schematic diagram of the crystal growth system, (b) enlarged view of
the furnace showing the position of control and monitoring thermocouples and (c) photograph of the crystal
growth system

The crucible used in the modifiBridgman furnace was specially designed. It coasttwo
parts of approximately equal lens (as shown in Fig)3 The lower part has conical shape
with a slightly less diameter (ID: 55 mm) than the upcylindrical part (ID: 60 mm). The
crystals grav in the lower part of the crucible while after thewth the crystal is retrieved
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the upper part by a definite process involvingrbtation of the furnace along with the cruc
at elevated temperatureghe detailed description of the growth iven inthe next section.
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Fig.2: Radial and axial temperature profiles of the crystal growth furnace
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Fig.3: Schematic drawing of the crucible used for the growth of crystals using the modified Bridgman
furnace

Material preparation and dehydration

High purity Csl (99.99%500 () is taken in clean and dry crucibléghe loaded crucible is
placed inan oven (already at °C) and connected toveacuum system consisting of rotary ¢
cryo-sorption pumpsThe crucibleis evacuated to 5xI0mbar pressure. After this, tl
temperature of the oves increased up t300°C in steps of 50C under vacuum. A one ho
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dwell is given at each step and the crucis thoroughly shakem betweertemperature steps
to avoid theformation of lumps durincthe dehydration proces#fter the completion o
dehydration the crucible temperature is broughtmoov5(°C and 1.275 g of Tl (0.2 mol¥%
(0.2 mol% TII for Nal) is mixed in the dehydratedatarial in a manner thate dehydrated
material is least exposed to ambient moisture. Adgae crucible is connected to the vacL
system and evacuated gradually to 3 mbar pressure. The furnace temperature is incre
to 150C in the step of 5@ with a dwell of 30 minutestaeach step. This completes
dehydration process of the material though finallgroper visual inspection of the materia
required to ensure a complete dehydration of theema& The crucible is sealed using an L
gas torch under a running vacu condition and at about 5x¥0mbar pressure of Ar (Tt
crucible is flushed with Ar-3l times). During the Ar flushing crucible is keptl®C°C.

Crystal growth

The silica crucibleontaining the material (discussed in sec-3) islocatec in the upper zone
of the furnace for @omplete melting. The temperatures of all the zaresraised in such
manner that the temperature of the upper zone astahi(°C above the meltinpoint (MP)
while the lower zone temperature is aboL°C lower than the MP (Fig-1). Once the material
inside the crucible melts completely it is allomedthermalize for 4 h. The crucible is th
lowered at a rate of 0.5-mm/h to the bottom zone of the furnace through tdmperatur
gradient (adiabatic zone) fo complete solidification of the eft into single crystal (Fi4-2).
The crucible is locked inside the furnace usingckillg mechanism and the furnace toge
with the crucible is inverted (rcted through 18Dabout a horizontal axis) (F4-3).

1 6500

2 6500

Fig. 4: The schematic diagram of the complete growth process of the single crystal in the modified Bridgman furnace,
(1) Loading of the crucible and melting of the material, (2) lowering of the crucibleto lower zone and solidification, (3)
locking of the cruciblein the furnace and rotation by 180° and (4) retrieval of the crystal
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Now the temperature of the zone 3 and 4 contaitlireggrown crystal is raised so that the
temperature of the zone containing the grown chystaomes slightly higher than the MP of
the material and the grown crystal slides downhia lower zone of the crucible that has a
slightly larger diameter. Temperatures of thela tones are then lowered quickly to the same
temperature (MP - B5C) to achieve a uniform temperature in the furnéeg. 4- 4). The
crystal is annealed at this temperature for 4 halki the furnace is cooled down to room
temperature at a uniform rate of °80h. Afterwards the silica glass crucible is cueongo
retrieve the grown crystal.

Fig.5: Photographsof (a) Csl: Tl (0.2 mol%) (b) Nal: Tl (0.1 mol%) single crystals
Scintillation characterization of grown crystals

To test the scintillation properties a detectorrsat of size 18x18x18 nihffor Csl:Tl) and 45
mm ¢ X 45 mm L were fabricated by processing of crystgbt (50 mm diameter and 50 mm
length). About 6 layers of 0.1 mm thick Teflon tapere used as reflectors. Silica based optical
grease was used for the optical coupling. The ¢abed CslI:Tl detector element of size
18x18x18 mmwas tested for scintillation performance usindedént readout system (i) P-I-N
diode read out (Hamamatsu: S3204-8 18x18Znamtive area for Csl:Tl only) and (i)
Photomultiplier tube (Hamamatsu: R6095 25 mm diametn case of P-I-N photodiode 10-12
us pulse shaping was used while in case of PMT ceadt was kept as|&. To check the
performance of the scintillator with the standa@drbm diameter head-on PMT (Hamamatsu:
R1306), scintillator detector elements of 45 mmdiger and 45 mm length were fabricated
from the crystal ingots and mounted on the PMT.I&&br and mounting arrangement were
similar to the detector described earlier. Difféergamma-ray source§’Co, >’Co, **'Cs, *“Cs,
’Na) were used to check the energy dependencertilistion characteristics.

Discussion

The main advantage of the present growth processtbe conventional Bridgman system is
that the grown crystal is subjected to minimum riedr and mechanical shocks during the
retrieval of the crystal. After the growth crystaluld be annealed for varying durations in the
sealed ampoule to improve the properties withowt eontamination or stress as in this
mncondition the grown crystal is free from the dole walls. Photographs of grown crystals
are shown in Fig.5.
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Fig.6: Gamma-ray spectrum of *’Csand ®Co recorded usinga Csl: Tl crystal (18x18x18 mm?®) coupled to a
PMT

Typical gamma-ray spectm recorded using the Csl:TL (18x18x18 Mim PMT detector for
different gamma source$*{Cs and®Co) is shown in Fig.6The fabricated detectors show
energy resolution of.6 £0.2% at 662 keVThe detector performance of 45 mm diameter
45 length scintillator was tested using a 50 mmmeter PMT.A schemati of detector
assembly is shown in Fig. The typical gamma ggtrum is shown in Fig. The energy
resolution at 662 keV was found to be €0.2% that is remarkable for the Csl detectorf
size. The resolution obtained from this detectos wamparale to thebestquoted values for
theNal based detectors despite the mismatch of the Ridgonse with the emission profile
Csl:TI (550 nm) this indicatd the excellentjuality of the grown crystal The emission from
the Csl:TI at 550 nnmatches wellwith the photodiode response, the :Tl and P-I-N
photodiode combinatiomvould have severeadvantages over the conventic PMT based
detectors. Low voltageperatiol, magnetic insensitivity, rugged andmpac size, economical,
etc. are a few advantagesb®mentioned here.

—— Reflector
Scintillator

Aluminum
housing

Fig.7. Schematic diagram of the scintillation detector assembly
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Fig.8: Gamma-ray spectrum of **’Csand ®Co recorded using a Csl: Tl crystal
(45mm ¢ x45mm L) coupledtoaPMT

A detector of size 18x18x18 minwas coupled to a photodiode with the same actiea.aAs in
this case the time response of detector also dspapdn the junction capacitance of the
photodiode, the integration time was set at 1Q4%5while in case of PMT it was 4-%s.
Gamma-ray spectrum recorded using a Csl:TI+P-I-Mder is shown in Fig.9. An energy
resolution of 8+0.2% could be achieved at 662 kd\Meavat 1332 keV it was 5+0.2%. Though,
in this case, the energy resolution at higher eesrg>1 MeV) was comparable to the
resolution obtained from the PMT based detectofpwer energies the resolution was poor.
This is due to the fact that the P-I-N photodiodese no gain and the electronic noise
generated in various components like pre-amplifeamnecting pins/wire etc dominants at
lower energies. This is the reason that to detaotrga energy below 100 keV special low
noise electronics is required [5].
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Fig.9: Gamma-ray spectrum of **’Csand ®Co recorded usinga Csl: Tl crystal
(18x18x18 mm?®) coupled to a P-1-N photodiode
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Though the crystal growth system was designedi@igtowth of Csl:Tl it can be used to grow
any halide crystals having melting point up to 9O0To demonstrate the versatility of the
system single crystals of Nal:Tl were grown andrabterized. All the growth parameters were
the same as for the Csl except that the material heandled in a glove-box with reduced
moisture and oxygen content. The material was deltgd following the same procedure as
described in the section 3. The Tl doping levebwapt at 0.1-0.12 mol%. After the growth
the crystal is annealed at 6@ for 4 h and finally the furnace was cooled downrdom
temperature at a uniform rate of°’@3h. A photograph of an as-grown crystal is showifig.
5(b).
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Fig.10: Gamma-ray spectrum of **Csand ®Co recorded using a Nal : T|
(45mm ¢ x45mm L) coupledtoaPMT

The scintillator performance was checked by prangdhe crystal to fabricate a detector of 45
mm diameter and 45 mm length. All the processing é@ne inside the glove-box to avoid any
moisture contamination. The scintillator was codple a 2 inch diameter PMT (ADIT:
B51D01S) and a gamma-ray spectrometer consisting fe-amplifier, a shaping amplifier
with 1 ps time constant and 1k MCA was used for the puésght analysis. The detector was
hermitically sealed prior to testing. Gamma-raycspen recorded using the system is shown in
Fig.10. An energy resolution of 6.8+0.2% has bedmneved at 662 keV which is at par with
the commercial Nal detectors [6,7].
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Introduction

Partitioning of minor actinides from high level wascould have a substantial impact in
lowering the radiotoxicity associated with High lebWaste (HLW). This, when coupled with

separation of long lived fission products like c@sil37 and strontium-90 could ease the
management of high level liquid waste to a gredé¢mx In the Indian context, the partitioned
minor actinides could be routed into the fast besedeactor systems scheduled for
commissioning in the near time frame.

The technological breakthrough in solvent developmbas catalyzed the partitioning
programme in India, leading to the setting up amd bommissioning of the Actinide
Separation Demonstration Facility (ASDF) at BAR@ydpur. The ASDF facility comprises of
three distinct solvent extraction cycles, facilitgt the use of three different solvents to
typically address separation of residual U & Purfrooncentrated HLW, separation of bulk
minor actinides along with rare earths & separatbtrivalent actinides from lanthanides [1].
In line with matching vitrification throughputs, dtcycles have been designed for an average
throughput of 30 I/hr of high level waste and hde=n provided with flexibility to try out
various options for optimizing the overall partiting process.

It is well recognized that operation of such a ligciwill lead to generation of secondary

streams, including spent solvents, which have tew&ably addressed. In this regard, ASDF
Facility has a spent solvent management facilijjooated with it to address management of
PUREX solvent and to serve as a test facility ftheo solvent systems (including their

decontamination & reuse).

The ASDF Facility
Radiological Cell & Overall layout

The engineering scale Actinide Separation Demotisirdacility (ASDF) has been retrofitted
in an available radiological hot cell situated adjat to the Advanced Vitrification Facility
(AVS) and has a processing capacity to match thefie@tion throughput. This location
advantage ensures an uninterrupted supply of héylel Iwaste and also facilitates the
vitrification of the high level waste after sepavatof minor actinides. While the ASDF has its
own dedicated chemical makeup area, all other sesvare shared with that of AVS. The
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radiological cell housing the ASDF (before closuseas shown in Fig.1 along with the remote
operations of both the facilities from the contimbm.

Fig. I: The radiological cell housing ASDF and its remoteerations from control room

Various equipments, piping & staging in the fagilare made of SS 304 L material and they
have been designed in accordance with ASME Secdilll. The plant has been built with all
the mandatory requirements of ventilation and ai$-gsystem applicable to radioactive
facilities and is remotely operable from the cohttmom. In line with the requirement of
handling radioactive liquids, the plant has adopediet sampling system, which has been
extensively used during the commissioning runs.gumethod has been adopted for the
measurement of level, pressure, density and irterfa

Contacting Devices Deployed at ASDF

The ASDF facility comprises of three distinct cygldacilitating the use of three different
solvents to typically address the separation ofdusg U & Pu from concentrated HLW,

separation of bulk minor actinides along with ragths & separation of trivalent actinides
from lanthanides. As the ASDF had to be retrofiitedne of the existing hot cells, the choice
of the contactors had to account for the limitedcheoom available and relatively larger
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number of stage requirements for the separatiooegs Suitably designed Combined Air Lift
based mixer settler contactors (CALmsu) have bberetore deployed in the facility. These
mixer-settler units are designed with static mixelgment CALMIX (Combined Air Lifting
and MIXing), which uses air to create mixing, effieg the intimate contact of the two phases
i.e aqueous and organic. These units are providiédend-settlers to take care of any entrained
phases in the terminal streams.

In order to have stable operations of mixer-setitas important to maintain the interface and
the level gradient appropriate for stable operatidnlike in the case of pulsed column, the
available range for maintaining interface is vdrgited, hence the need for precise control.
This has been achieved by measuring interface th bwles of the mixer-settler unit. The
terminal streams are routed via density pots, wigigh on-line measurement of the density of
the streams leaving/entering the mixer-settlersTddta helps in estimating the real interface
position in the mixer-settler. In addition, the digy pots have been so designed to separate the
entrained phase that no entrained phase goes hétimain phase. It also provides flow rate
measuring capability for occasional use.

Once the interface is detected, it also has todm#ralled to avoid entrainment. This has been
carried out by integrating an interface control which works on the principle of increasing or
decreasing the hydraulic head by external applinatof pneumatic pressure. These
instrumentation & controls features incorporatethia design have facilitated remote operation
of this facility. Fig. 2 gives a typical photogta of the actinide separation demonstration
facility and Fig. 3 shows the control screen depgtmixer-settler operations from control

room.

Fig. 2: Actinide Separation Demonstration Fig. 3: Typical operating screen of ASDF
Facility, BARC, Tarapur depicting mixer-settler operations

Engineering Features of the facility

The three independent cycles have been engineersthfultaneous operation of extractor and
stripper with the solvent in recycle mode. Theipment layout has been carried out to effect
maximum number of gravity transfers. Other trarsietering systems include air lift pump
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devices and steam jetdo mechanical pumps and valves have been usecitigdadiologica
cell to eliminate the need for any mechanical mainte@zAll the secondary streams includi
spent solvents have been suitably addd in this facility. Fig. 4 gives the overall blo
diagram of the integrated facili

Overall Process Descriptiol
Solvent Extraction Cycles

As a pretreatment step, HLW is contacted with 3(B® Tn r-dodecane to separate the resic
uranium andlutonium from HLW. The recovered uranium and phition is recycled back t
the reprocessing facility. The raffinate of thesfficycle, namely, U lean HLW is contacted w
diglycol amide based solvent TEHDGA solvent systegsulting in separation of t trivalent
actinides along with lanthanides from HLW [2]. Tloaded TEHDGA solvent is stripped wi
a tailor made strippant comprising of 0.05 M DTRA 1 Molar lactic acid. The stripp¢
product from this cycle containing all the lanttdes and actinid associated with HLW i
taken up for further processing in the third cyafter suitable pH adjustme

30% TBP TEHDGA D2EHPA
A A 4 A 4
U Removal MA An/Ln Group |_An Product Storage
HW Cycle U Lean HLW Separation /;:o-::ct | Separation
Cycle Cycle -
MA Lean HLW .
U Product for V|tr|f|ca;|on
“—oROP U Lean HLW
|
‘ { ‘ Recovered dodecane casking .
I >
Spent Solvent
T Management
Spent Solvent Storage -
from PREFRE > i FaC|I|ty Aq. After Alkaline Hydrolysis &

Larbonate solution for immobilization

| Novel solvent casking

v

Fig.4: Overall Block diagram of the integrated facilitiesat ASDF
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The actinide and lanthanide depleted HLW which fthe raffinate of the second cycle is sent
back for vitrification. The stripped product of tlsecond cycle rich in minor actinides &
lanthanides forms the feed for the third cycle, ghieis contacted with D2EHPA solvent in n-
dodecane [3]. This results in preferential extacodf lanthanides in the organic phase leaving
the actinides in the aqueous phase. The loaded B2E$dlvent is stripped using 2 M nitric
acid, and the solvent is recycled into the extraaftter giving a water wash. Description of the
three cycles is given in Table 1.

The above processes were conceived and optimizstilmm the indigenous availability of the

solvent system and other chemicals required. Reziogn the fact that adjustment and

maintaining of pH on engineering scale would possdbiems, a holistic approach was adopted
with emphasis given on following points.

[1] The engineering detailing was carried out with gdefocus on pH adjustment by
providing suitable chemical addition lines, air mas for thorough mixing and
sampling provisions for ascertaining the pH of fibgred stream.

[2] Some of the process factors that were considereel tvat D2ZEHPA as a solvent has an
advantage of not extracting acid from the aqueead fand hence pH across the mixer
settler remains steady. Moreover, the bufferingoacof the lactic acid in the system
allows the conditioning of the third cycle feed lwiespect to pH (2-3).

[3] The presence of DTPA minimizes chances of precipiteof actinides in the system.
All of these together aided in the successful destration of the modified TALSPEAK
process (Trivalent Actinide_Lanthanide SeparatignPhosphorus reagent Extraction
from Aqueous Komplexes).

Table Description of Three Cycles of ASDF

e Use Feed Exfractant Strippant
uEr{aerfiliiai‘; Stored HLW Acidified
! lutonium (3.5-45 M TBP L water
ptont! HNO3) g
separation
Bulk Dcrl'glfx n 1
2 separation U lean HLW TEHDGA A
- M Lactic
ofAn~+In .
i acid
Stripped product
Anln of second evcele R
A e 2 MN
3 Group after D2EHPA ici ét“c
Separation conditioning for
pH (2.5-3.0)

TBP : Tributyl phosphate; TEHDGA: Tetra ethylhexyl diglycolamide; D2EHPA: Di 2-ethylhexyl phosphoric
acid; DTPA: Diethylene triamine pentaacetic acid
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Solvent Management

Looking at the limited space available for accomatod) all the above three cycles in a sir
cell at Tarapur, it was quite challenging to ugeeidifferent solvents in the same cell. This
been duly addressed by providing separate feeds téstlemcal makeup area) to the-cell
organic tank. Subsequent to the useful life ofdblwents, they are required to be drained
designated spent solvent tanks provided separfatetiie three cycles (Fig. £
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Fig. 5: Solvent Handlingand its segregation
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Fig. 6: Alkaline hydrolysis process schematic fc
First cycle solvent (30% TBP in n-dodecane)
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Table 2: Solvents and their treatment scheme

Sr Solvent Treatment scheme

No

1 TBP Solvent system Carbonate wash for solvent reuse. Established

Alkaline hydrolysis process for spent solvents.

2 TEHDGA  Solvent Decontaminationwith suitable wash reagents
System for its reuse. Incineration of spent solvents

3 D2EHPA  Solvent Neutralization followed by cementation of Na
System form of D2EHPA.

These are further connected to the solvent managefaelity which has provisions to either
recycle the solvent after appropriate washingsnallfy manage the spent solvents as wastes. A
typical schematic is shown in the Fig. 6 for theeaf f' cycle solvent. Table 2 gives the
solvent management route envisaged for this fgcilit

Commissioning of the Actinide Separation Demonstrabn Facility

Commissioning of the facility was taken up in twages viz., cold commissioning followed by
hot commissioning.

Cold commissioning

Cold commissioning activities included pre-comnuoséng activities, individual cycle testing,
followed by an integrated testing of the three egclThese trials aided in establishing the
performance of the three cycles with regard toehgineering and process efficiencies. The
chemical markers used for evaluating the procedsrnpeance are given in the Table 3 below:

Table 3: Markers for the Three Cycles of ASDF

Cycle Markers

Cycle 1 Nitric acid, Uranium

Cycle 2 Rare earths (La, Ce,Nd, Sm)

Cycle 3 Nd as a marker for Am-241 in TALSPEAK eoviment La, Ce etc are
markers for lanthanides

Typical results of the cold commissioning triale @s given in Tables 3 & 4 with respect to
flow rates and separation efficiencies respectively

Table 4: Inactive/Warm Commissioning of ASDF: FlowRates for the Three Cycles

Ist cycle Avg. 2" cycle 3% cycle Avg.
Flow rates avg. Flow Flow rated
(L/hr) A/O/S rates (L/hr) (L/hr) A/O/S
AIO/S
Simulated 40/14/16 40/20/20 42/28/17
HLW

A: Agueous; O: Organic: S: Scrub Total Throughput: 2000 L (50 Hrs. of operation)
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Table 5: Inactive/Warm Commissioning of ASDF —

Mass Transfer Performance based on Concentrationd dMarkers

HLW T Lean MA Lean MA+RE Actinide RE
HLW HLW Product product Rafinate
(@ cycle) | (I Cycle) | (I cycle) | (I Cycle) | @ILE Cycle)
U mg/L 3260 147 ND 253 ND 15.1
Cemg/L 332 320 0.22 700 8.55 1250
Lamg/L 157 153 ND 332 ND 397
Ndmg/L 154 120 ND 390 65.3 552
Smmg/TL 3z 4 311 ND 64.1 183.5 73.6
HLW: High Level Waste; MA: Minor Actinide ; RE: Rare Earth

Hot Commissioning

After successful completion of cold commissionimigls, the facility was prepared for hot
commissioning specially with regard to off-gas &ntiation hook up to the existing systems.
The facility further underwent stage wise activenoaissioning trials with increasing levels of
activity and was hot commissioned using actual HLWables 6 & 7 give hot commissioning
trial results with respect to flow rates and sefpamnaefficiencies respectivelyo( By). Along
with the analysis of alpha and beta activitieshim various streams, concentration of the various
rare earths present in HLW were also analyzed. réhe earth concentrations in the various
streams were found in perfect agreement with thetive results. These results have validated
the choice of inactive markers for such facilities.

Table 6: Hot Commissioning Trial results - Flow Raes

1% cycle Avg. 2% cycle 3% cycle
Flow rates Avg. Flow rates Avg. Flow rated
Natural Uranium (1800 L — | 40/14/14.5 40/19/19 35/35/16
45 + 25 hrs of operation)
0.2 mCi/L (1700 L- 42 + 24| 40/14/14.5 40/19/20 42/32/17
hr of operation)
2 Ci/lL (2000 L — 50 + 25 hr| 40/14/16 40/20/20 35/35/17
of operation)
Actual HLW (1800 L — 45 + | 40/14/16 40/33/20 42/28/17
24 hr of operation)

Table 7: Hot Commissioning Trial results - Separatn Efficiencies

37 cycle performance

913% w.r.t RE;
75% w.r.t Nd
(marker for Am-241

2" cycle performance
99.9 % w.r.t RE

1% cycle performance
99.8% w.rtU

Natural Uranium

0.2 mCi/lL 99.7% w.rt U 99.7% w.r.t RE 85% w.r.t RE
(0: 10%t0 10°mCilL) 67.5% w.r.t Nd

2 CilL 99.23% 99.8% w.r.t to a (a : ~1C°> mCi/L) 96% w.r.t a (93% wrt RE)

Actual HLW (2 m3) 99.65% 99.85% w.I.ta, (o : ~10° mCi/L) 97 % w.rt a (92% wrt RE)
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Stable operating conditions could be maintainedrdiois lasting about 48 hrs — 115 hrs at an
average throughput of 40 I/hr of high level liquidste. Separation efficiencies for the first and
second cycles were observed to be ~99.5% & 99.&%yectively with regard to uranium for
first cycle and alpha activity for the second cydteline with inactive commissioning results,
Neodymium was observed as the main impurity aststiaith the alpha product emanating
from the third cycle during active operations watlseparation efficiency of 97% with regard to
alpha activity. In order to increase the decontatmm factor with respect to alpha, further
trials have been carried out with THEDGA solvent both second and third cycle and
separation efficiencies of greater than 99.9% warkieved. Analytical investigations have
indicated that the residual activity in HLW was aocount of Pu in organic colloidal form.
Developmental efforts are in progress to achieeed#sired separation efficiencies >99% by
development of specific solvent systems for An-lap&ation.

These trials have verified and established safeatipg procedures including start up, cycle

operations & shut down conditions for all the thogeles involving mixer-settler operations. It

has been demonstrated that all the aqueous sautem be suitably managed by evaporation
Ivitrification. Complete separation/consolidatiohooganic solvent from a particular cycle and

its storage has been demonstrated.

Future Program

The successful hot commissioning of the Actinidpa®ation Demonstration Facility (ASDF)
has demonstrated the separation of minor actirfides high level liquid waste followed by its
separation from co-extracted lanthanides. Settipgand operation of ASDF has yielded
valuable experience for inducting this technologpp ithe back end of the fuel cycle. Based on
these experiences, the new Solvent Extraction RiaiwWIP, Trombay has been set up and
operated successfully. In addition, the Integrateatlear Recycle Plant (INRP, Tarapur) is
designed to have an industrial scale high levekevpartitioning facility, being designed based
on ASDF experiences. The partitioning technologg tiee potential to reduce the vitrified
waste volumes requiring geological disposal toemagextent.

Future program encompasses conversion of Ameripiaduct into solidified source for use as
targets in fast spectrum reactor or use as thesmaice in RTG. It is therefore proposed to
integrate the shielded glove boxes to the ASDHifgcand demonstrate the conversion of the
alpha product solution into solidified product iretnear time frame. Recognizing the limitation
of TALSPEAK process with respect to separationcedficy of An-Ln, R&D efforts are
presently being directed towards development of selent system for An-Ln separation
directly from the acidic medium (0.5 to 1 M). Twall also mitigate addition of DTPA-Lactic
acid salt in the TALSPEAK process.

Conclusions

Design, construction and operation of the actisielearation demonstration facility has resulted
in valuable experience for inducting this technglag the back end of the fuel cycle, which
has the potential to reduce the vitrified wasteuwtd requiring geological disposal to a great
extent.
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Abstract

Control and instrumentation systems of Nuclear Reactors and all critical
infrastructures are built using Computer based programmable systems. These play a
vital role in ensuring safety and availability of the plant. PLCs are the workhorses for
modern automation- offering benefits of modular hardware, reusable design and
graphical programming. Commercially available PLCs are mostly of foreign origin,
subject to end-use restrictions and not amenable to full Verification & Validation as
required for a safety Class IA and IB system of Nuclear power plant. In recent past,
PLCs have been the target of Cyber security attacks, requiring need for high degree of
trust in these equipments. Full transparency and visibility of design goes a long way in
fostering this trust. Reactor Control Division has designed and developed Trombay
Programmable Logic controller TPLC-32, to mitigate these problems. High quality
and reliability required for safety class IA and IB systems, is ensured by following a
systematic and well documented methodology based on AERB D-25 and international
standards like IEC 60880. TPLC-32 platform has been successfully used for Up-
gradation of Dhruva C&| systems and deploying C&I system of LEHIPA. TPLC-32
platform will be used developing C&I1 system of APSARA-II, cryogenic plant, AHWR,
upcoming HFRR.

Introduction

Trombay Programmable Logic controller TPLC-32 igualified automation platform
designed and developed by Reactor Control DivisBARRC to build safety class IA
and IB control and instrumentation systems for EaclReactors and other nuclear
utilities. It is based on in-house designed 3 locessor based CPU board and FPGA
based intelligent I/O boards.

Platform Architecture and Design

TPLC-32 platform consists PC based Engineering Glen&C) connected to TPLC-32
system hardware over Ethernet. The In-house degdlepftware package “Application
Development Environment (ADE)” facilitates GUI arfdnctionalities at par with
commercially available similar tools. The ADE allewdefining complete system
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configuration and application program developmentthie form of Function Block
Diagrams (FBDs). FBD Editor, a graphical programgnimol of ADE provides a
library of function blocks based on IEC 61131-3ndi@ad to develop, compile and test
the application programs. The ADE facilitates dovadling the developed application
on to TPLC-32 hardware. The real time embeddetesysoftware executing on the
processor board of TPLC-32, acquires all the camég inputs as defined in system
configuration, executes the application logics gederates control outputs.

TPLC-32 Architecture

Engineering Console

/ \ TPLC-32 Target Hardware
Application 32 Bit CPU based SBC
Development —_— System Software it
Environment — o —

Application
Field Field

Softwa
\ == / Outputs

Ethernet Link Operator Console

Fig.1: Architectureof TPLC-32 platform

Fig.2: TPLC-32 Based Distributed control system
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Figure-1 shows architecture of TPLC-32. FigureR2LT-32 based Distributed C&l
System.

Programming guidelines derived based on IEC andRAISC rules were strictly
followed during software development. To ensuraremd implementation of
requirements implemented in software, each softwarewas subjected rigorous unit
testing followed by module and integrated testifigne software was subjected to static
analysis and critical code walk through by membarsndependent software V&V
team. Use of in-house designed small foot prinalREme Kernel ESOS ensures
deterministic execution of all important functionand efficient handling of
asynchronous events .The electronic hardware wetHLC-32 was developed based
on specifications prepared by a working Group flecEonic Hardware Standardization
(EHS). The hardware design has been carried oyteasEC60987 and DO-254
standards. The hardware design has also been wdbjer rigorous verification and
validation by independent team. The hardware le@s mmanufactured at ECIL as per
approved Quality Assurance Plan. The Hardware nesdbiave successfully passed
gualification tests as per ECIL/CSG standards aedpto all the electronic hardware
used in Indian NPPs. The modular and scalablegdedi TPLC-32 enables creation of
variants to suit requirements of scaling, fauletahce, performance and cost. Salient
features of TPLC-32 platform are described below.

Design based on Systematic Development Process

The complete design and development is carried follbwing a Systematically

Controlled well documented development processaseAERB SG D25 and IEC

60880. Total 27 Design Documents (8000 pages) wereéuced as part of the design
process. A matrix showing compliance of the dewelent process to IEC 60880
guidelines was prepared .The Verification and \&lmh was carried out by an
independent team of engineers from E&I group astiperVerification and Validation

Plan.

Structured and Simple Design

Simple, User friendly, tree control based GUI fiéaies quick design of System
configuration. The graphical application programgnianvironment in the form of
Function block diagram editor with associated halpd error detection features
simplifies application software development. ThétBare design is highly modular
based on TOP-DOWN design approach with high cohesml low coupling among the
modules. The system software uses in-house dewklspwll footprint pre-emptive
multitasking kernel having predefined static taslbnity structure. There is no memory
allocation at run time. In the software implemeiotatusage of interrupts is restricted,
only for essential activities like time keepingkarnel and handling of bus errors. The
design facilitates hardware redundancy at Systesal lend embedding fault tolerant
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features during system configuration and Applicatitevelopment. If facilitates easy
maintenance with built-in automated on line fadtettion and annunciation.

Cycle Time Estimation

The ADE estimates cycle time of the applicatiob#oexecuted on the TPLC-32 target
hardware. The system developer gets the time gstsnaam ADE well before buying the
hardware. In case the estimated time is not medtireg timing requirements of
application, the developer can optimize the dewedoppplication if possible or the
deployment can be done in distributed manner oniptelinodes. The time estimation
functionality is very useful in early design phaseplan the hardware architecture and
resources to meet application timing requirements.

Deterministic Performance

TPLC-32 system Software sequentially executes mlcgssing, control and safety
functions at specified fixed cycle time under alad conditions without any jitter. It
also ensures deterministic execution of diagnostickardware and Software.

Robust Diagnostics

Diagnostics is carried out on all /O hardware meduat 1 second periodicity. A
module is declared as faulty if fault persists fao consecutive cycles. On failure
detection, time stamped Diagnostics message ig@tededetailing failure in the board.
Check on integrity of System software, applicasoftware & alterable parameters at is
carried out periodicity of 30 seconds. Health ofdware watchdog is also checked as
part of diagnostics. Gross health status is digglayn 4 character alphanumeric display
on CPU board.

Software Self Supervision

It has built-in software self-supervision functitiba It checks timely execution of
control task and diagnostics task at programmedbdglieity. Any delay in execution
beyond programmed periodicity is detected. In suchse the system generates failsafe
output and execution of software is halted. Thignsoe program monitored to check
that all the functions of control task are exedugeery cycle in required sequence If
any discrepancy is detected the system generailsaféaoutputs and execution of
software is halted.

Memory Protection
The ESOS provides task-to-task memory protectioithiwthe task space, code and

static data are write-protected. Any write operatm write protected space is captured
and software execution is halted. The memory ptatecfeature is used to guard
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against stack overflow. In case of stack overflb software execution is halted. In
such circumstances system generates failsafe gutput

Fail safe Design

On detection of input module failure, for all fuethprocessing, it uses predefined
failsafe values for input signals assigned to #iked module. On Output board failure,
it uses the predefined safe output values. Orurkaildetection, the system stops
accessing failed digital output modules and on access these modules generate de-
energized output. In case of software integritgathfailure and self supervision, the
system generates failsafe outputs. Watchdog detécbss software failure and
generates predefined failsafe outputs. Health sewery IO module is available for use
in application program. Under such conditions Saleciode trip function block
facilitates generation of failsafe output.

Cyber Safety and Access Control

The TPLC-32 platform software has been fully reveewthrough independent V&V

process. It does not contain any malicious codee System and Application software
is stored in Flash memory on processor board amdkeld for integrity at part of

diagnostics. Access to the project on ADE is peged and protected through
password. For changing the software, physicalsscierequired to the cabinets which
are located in secured area in the plant. Furtherflash memory is programmed
through special in-house developed robust propyiesoftware which also has

password and hardwired pass key checks. Access lioealterable parameter change
function is based on password and hardwired pagsTHee TPLC-32 based systems
provide only one way communication via intelligeBthernet boards to Operator
Console. Further the TPLC-32 system software hasaftwvare component to pickup
data packets from Ethernet board making it comlyletemune against any network
attack.

Modular and Scalable

A Single Node of TPLC can be configured for uphcee 19 Inch Bins accommodating
up to 43 I/O modules. Any Combination of I/O modubes per the application need can
be configured.

Benefits of TPL C-Platform

* No need to develop low level complex system soféwéwhich is already
available as part of the platform) for C& | systems

» System configuration & application development bpgess / C&l engineer
trained on the platform.
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* Reduced application development time with help iofpte and user-friendly
graphical programming environment i.e. FunctiondBl®iagrams.

* Inbuilt testing functions in the platform facilieatdetailed testing of the
application without going for target hardware.

* Application Cycle time estimations in early desgage before procurement of
hardware.

* One time V&YV efforts for the Qualified Platform ltiye Platform Designer.

* V&V to be carried out only for the configured Apgition.

» Time required to develop and qualify the systerastically reduced.

* Ease in implementation of requirement change dwsysiem development and
after deployment in plant

* Modernization of legacy C&l systems with platforraded development offer
lot of benefits.

» Complete in-house design with associated docunientatssures long term
support, scalability and solutions against contusichanges in technology.

Deployment

As a part of up-gradation of C&l systems of DhruReactor, Reactor Trip Logic
System (RTLS) and Alarm Annunciation System (AA3j)aven been successfully
developed, installed and commissioned in Dhruva thedreported performance is
satisfactory. The development of Reactor Start-agic System (SULS) and system
for Emergency Core Cooling Logics based on TPL(182 been completed and these
will be commissioned soon. Vacuum control inteklaystem, Search and Secure
Interlock System for LEHIPA accelerator have beeweloped using TPLC-32. Up
gradation of Reactor Regulating System (RRS), Mwimg of Electrical Power Supply
System for of Dhruva, C&l systems of NFNS, Crydgeplant and prototype
Distributed Control system for AHWR are being depsld with TPLC-32. Variants of
TPLC will be used for developing computer baséd §/stems of upcoming research
reactors.

Conclusion

Commercial PLCs are subject to denials and endastdctions, vulnerable to security
hazards and inaccessible for full verification &lidation. Life cycle management is
complicated by high rate of obsolescence and iMeu®©&M methods, compromising
security. Development of TPLC 32 heralds a safe saecure control platform for
building C&l applications using industry standardpeoach of re-usable functional
blocks and proven hardware modules.

252




, BARC NEWSLETTER
? FOUNDER'’S DAY SPECIAL ISSUE 2015

PRODUCTION OF HEAVY METAL TETRAFLUORIDE BY SINGLE
STAGE DRY PROCESS

K C Guha
Chemical Technology Group

Shri X.C. Guha, Chemical Technology Group and his team received the
DAE Group Achievement Award for the year 2013

Abstract

Development of a process technology has been accomplished to convert PG to heavy metal
tetrafluoride in a batch reactor achieving an acceptable quality, yield and material
accountability. Given the types of challenges ranging from handling toxic gases to constraints
of criticality, the recourse to process development demanded conscientious planning, careful
design and safe execution, which was delivered to the satisfaction of the ultimate users. The
process details and design, safety & operation philosophies adopted during the execution of the
above work has been discussed in the present report.

Introduction

Process Gas (PG) is highly reactive and there&ireyuld not be stored for long periods after
processing. Furthermore, PG from processing fgcigeds to be converted into a material
which can conveniently be used for onward fabrazatiof nuclear fuel. Heavy Metal
Tetrafluoride (MTF), a stable material at ambiewinditions, provides such an option if
metallic fuel is the requirement. Besides, in cidme is a pressing need in future to convert
back to PG, MTF is the one which is used as thematerial in the extant established process.
Process technologies for conversion of PG to MT#ehaeen developed by the department
using a H-F, flame reactor and also by using a thermal plasaator technology. However,
they are found to be better suited for operationsantinuous mode and larger throughputs.
Additionally, processing requirement of special qggs gas adds another dimension of
criticality consideration which significantly linstthe mass of material that can be handled at a
given time. This translates into development oblernate system where small batches can be
treated giving practically 100% vyield or near z&taterial Unaccounted For (MUF). In order
to achieve the above mentioned objective, the gtechnology is developed and, a set-up
comprising of a batch reactor for reduction of BGUTF by a single step reduction using H
has been established. The materials handled iethetor being only gases and solid, the
process qualifies to be a dry process.

Challengesinvolved

The main challenges involved in selection and dgwakent of process and setting up of the
facility included: criticality & radiation hazardhemical hazard, fire/explosion hazard from
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hydrogen and, requirement of high product yieldoov MUF. The following were the other
challenges.

* Space constraint: Since the facility was to be teckavithin a limited space in an
existing building housing another operating plaingezing the plant & equipment
layout and subsequent execution during the insiaflavas an exigent task.

» Utilization of existing utilities: Utility servicesuch a cooling water, compressed air,
dry nitrogen, ventilation etc., as existing in #agant system were to be extended for
the newly set-up facility without affecting the eatng plant. It was by itself an
involved job because of very limited freedom foe tayout.

» Strict time schedule: Because of stringent timeedales for meeting the delivery
targets of the product material, the facility wasaeived & planned, equipment &
piping were fabricated, control & instrumentatioohemes were finalized, design
approvals were obtained from the safety committégstallation, testing &
commissioning were carried out, and, finally cortthg the experimental trials were
expedited and accomplished within a short timeqakeof nearly six months.

The above challenges were effectively addressethglihe selection of the process and
finalizing the design & the operation philosophytioé plant.

Process description and oper ation methodology

The chemical reaction involved in the process vewgias:
550°C
PG(Q)+H(g) = MTF(s)+ 2HF(g) AH°=-69.8 kcal/g.mole

The set-up used for conducting trials comprisegasffeed surge tanks, a reactor, a storage bin
for collection of product, a sparger tank and atwerscrubber system. A rupture disc opening
into a containment vessel is also provided forstiety. Method of operation includes charging
mixture of PG and hydrogen into the evacuated begabtor in a predetermined ratio such that,
hydrogen is in excess.

Subsequently, the gaseous mixture is graduallyedett the desired temperature. Adequate
soaking period at the elevated temperature is geovito the mixture such that the reaction
goes to completion.

After reaction, the byproduct, mainly HF gas, i$ ¢ait of the reactor by depressurizing
followed by purging with nitrogen. It goes to a wam scrubber system for scrubbing, through
an alkali seal (sparger tank). In order to gebfithe trapped HF in MTF, before collection, the
solid product received in the bin attached to thactor is subjected to desmoking with
evacuation through the scrubber system. After mgrgind desmoking, the reactor is cooled
and the product is collected from the bin. The kld@agram of the process is given in Fig.1.
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Storage Bin

Reactor
Rupture Disc
‘ N; for purging

Fig. 1: Block diagram for PG to M TF conversion facility
Product quality

The powder produced in the batch reactor has bealyzed both chemically and optically
using XRD and, it was found to be pure containimjyahe MTF phase. Fig.2 shows the
product powder and its XRD pattern.
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Fig. 2: a) MTF powder and b) XRD results of MTF sample
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Design philosophy & safety

Process, equipment & instrument selection/desigmge hbeen made with the objective of
achieving the following safety functions.

* Prevention of criticality,
» Confinement for prevention of chemical releases and
* Protection from fire/explosion hazard from hydrogen

Prevention of criticality
For prevention of criticality by means of desigme following measures are adopted.

» Limit the mass of the nuclear material in the psscd otal inventory of PG processed
in the reactor, PG surge tank & other equipmentaasitained to a level such that it is
well below the prescribed critical mass even urabeidental conditions.

» Control of the geometry and/or interaction of pssieg equipment: All as built
equipments handling PG, such as surge tank, reagarger tank and scrubber have
been critically evaluated by competent agenciescfdrcality conditions under full
moderation/worst possible condition.

Confinement for prevention of chemical releases

Since materials handled during the process areibagaseous as well as powder form, design
of proper confinement/barriers for prevention & igation of accidental releases in gaseous
form or release in the form of particulate/air ractivity is of primary importance. The
following approach has been adopted in the desiggnsure safety to the working personnel as
well as the environment.

Protection of personnel

* All the process equipments have been designed dthh sacuum & high pressure
conditions and, operating temperature. Additionalhe design basis also ascertains a
critically safe design for handling special PG ewser accidental conditions of full
moderation.

* A rupture disc is provided in the reactor for saémting of the gases to a containment
vessel in case of a pressure excursion.

» The reactor which operates at above atmosphergspre is enclosed in a glove box as
a secondary enclosure to contain an accidentallegdsage and spreading of solid
particulates during draining/collection of the pwotl material. Further, a negative
pressure is maintained inside the glove box by eoting it to an exclusively dedicated
scrubber system.

256




g s BARC NEWSLETTER

FOUNDER’S DAY SPECIAL ISSUE 2015

» A cascade of reducing absolute pressures has Istehlished between the outside
environment and the process area by exhaust ampdysegntilation system, enforcing a
minimum of 8 air changes per hour.

» With the help of a health physicist, a continuousnitoring for release of toxic gases
and the radiotoxic gases in ensured during theatipertrials.

Protection of environment

The chances of release of radioactive or chemidadtances to the environment is minimized
by adopting a multiple barrier approach in the gesof the facility. The physical barriers
installed in the set-up include:

» Sparger tank in the evacuation line of the reatiqrevent carryover of MTF powder
and also for neutralization of HF generated durthg reduction reaction. Since
hydrogen is used in excess for the reaction, thegep vessel also acts as a liquid seal
to restrain back propagation of hydrogen flame rolwadhe reactor.

* A venturi scrubber is deployed to scrub the gasderb being finally released to the
environment through a stack.

» The gases of the exhaust ventilation are routemlitir a wet precipitator and a spray
scrubber and, are finally discharged to the atmespthrough the stack.

Protection from fire/explosion hazard from hydrogen

The chances of fire/explosion due to hydrogen argmized by incorporating the following
features in design:

* Minimizing the inventory of hydrogen in the plant.
» Use of explosion proof electrical fittings in theopess area.
* Hydrogen sensor & alarm system for detection ofrbgen leakage.

Operation Philosophy

The following features have been considered in dperation philosophy to ensure safe
operation of the plant.

» Batch size is small ensuing a low inventory of sgleauclear material.

» Operations are carried out from a remote locatioough PLC based control system.
All the important parameters are logged and stéweéuture retrieval and study. Safety
interlocks are enforced for a smooth and safe dipara

» All other equipments outside the glove box, exdemirogen surge tank are maintained
at sub atmospheric pressures. Hydrogen cylindkeps$ in a open shaded area outside
the plant room to evade unnecessary presence obdma source in the plant area.

* The reactor is heated by induction heating.
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» Proper safety checklists & administrative contrate ensured before the start of all
important plant operations.

» Only trained personnel are authorized to operaé pglant under strict access and
administrative control of competent authorities.

Conclusion

A process for single step production of MTF from R&s been developed. The entire facility,
right from conceptualization to operation has bsenup in a very short period of time without

bypassing any established safety protocol stipdléte the Department. The plant has been
operating in batches adequately meeting the demainti® end users in terms of quantity and
guality of the MTF. A high yield and a low MUF igldeved through stringent operational &

administrative controls.
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DEVELOPMENT AND PRODUCTION OF B ENRICHED BORON
CARBIDE (B,C) PELLETSFOR CONTROL ROD APPLICATION IN
PFBR

J.K.Sonber, T.SR.Ch.Murthy*, K. Sairam, R. D Bedse, R.C. Hubli*
and J.K. Chakravartty
Materials Group

Dr. R.C. Hubli, Materials Group and his team received the DAE Group
Achievement Award for the year 2013

Abstract

This paper presents a brief account of the programme for the process development and
production of *°B enriched boron carbide pellets for control rod application in PFBR. At
Materials Group, BARC a processing scheme has been developed for the preparation of
enriched boron carbide pellets through powder metallurgy route. Using this process, 11,180
pellets of required specification for PFBR was manufactured and supplied to BHAVINI for
control and diverse safety rod (CSR and DSR) applications.

Introduction

Boron carbide (8C) enriched with'®B isotope has been selected for control rod apjsican
Prototype Fast Breeder Reactor (PFBR), which isdgebnstructed at Kalpakkam. Neutron
absorption property of boron is due mainly to thespnce of°B, which undergoes the main
capture reaction [1-3]

B +ont -, sLi 7+ ,He' + 2.6 MeV

The cross section of this reaction varies from 3B&fhs for thermal neutrons to a few barns
for fast neutrons. At higher energies, the crostiae of most other elements becomes very
small, where as that 3fB decreases monotonically with the energy and ewdrigher neutron
energies of >1MeV:%B exhibits sufficient absorption cross section valiéatural boron that
contains 19.8% of%B atoms can be enriched up to 99% and hence thefuseron is very
attractive in the entire neutron energy spectrurB][2The products of (o) reaction of*°B
namely helium and lithium are stable and non-radtive isotopes. Boron carbide is
extensively used for control rod and neutron simejcapplications in nuclear reactors. High
boron content, high melting point, high temperatsirength, resistance to radiation damage,
chemical inertness and low density are the keyent@s which make boron carbide suitable
for control rod application in fast reactors [1-Bhe major issue in boron carbide is processing
difficulties. Due to refractory nature and britté=s, only powder metallurgy route is used for
fabrication of solid shapes. Sintering of boronbode is extremely difficult due to its high
melting point (2456C), strong covalent bonding and low intrinsic sdiffusivity. At lower
temperatures, surface diffusion and evaporatiaondensation mechanism are favoured which
result in mass transfer without densification. Agher temperature, exaggerated grain growth
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takes place which results in poor mechanical ptggs [1-10]. In order to overcome the:
issues, dense monolithiB,C can be prepared by applyingxternal pressu at high
temperaturg. This process is called hot press

Development of Processing Scheme

The pellet fabrication has primarily two steps, thgsis of boron carbide powder &
fabrication of dense pellets 04C by hot pressingzlow sheet for fabrication of enriched bot
carbide is presented in Fig.1. Before startinggtagluction  enriched boron carbide pelle
studies were carried out on synthesis and densdicaf boron carbide. Effect of proce
parameters on product quality was investigatedainthe process parameters were optimi
for fabrication of pellets with deed specification.

Enriched Boron
% Weighing & Mixing }«2 ‘Alcohol ‘
ER—

Green pellet making ‘
|

‘ Synthesis of B,C ‘ Vacuum Induction Furnace
|

-
7
Vibratory cup mill

B,C plf)wder XRD, Chemical analysis, partide § lysi

Hot Pressing Vacuum Hot Press

Density and Di

‘ Fjection of pellets and inspection | .~ ~°— -
i

‘ Edge finishing and chamfering ‘

Finished E.C
pellats

Fig. 1: Process flow sheet for fabrication of enriched boron carbide pellets

For synthesis of BC, elemental synthesis route was selected as @vies minimum loss ¢
boron and also gives better control opurity & homogeneity of BC powder. Amorphous
boron and petroleum coke were taken as startingmald. Boron and carbon were wet mi
in planetary ball mill using alcohol as medium. Thixed powder was dried in vacuum o\
and then converted to greepellets by cold pressing. These green pellets veaed ir
vacuum induction furnace in the temperature ranf§el80C-190°C under vacuum to
synthesize BC. The synthesized 4C was in the form of loosely sintered mass, which
subjected to energy intsive grinding operations to obtain micron sizedipkes
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Effect of process parameters for synthesis anddiny like temperature, time, charge
composition, rpm were studied and the optimizedcg@ssing parameters were established in
order to get the required powder specificationsfabrication of pellets, the synthesized(B
powder was filled in a multi-cavity graphite diedanot pressed in vacuum at high temperature
(~1950C). The required density of pellets was achievedopyimising the hot pressing
temperature, pressure, holding time, particle sizé length to diameter ratio of pellet. The
final pellets are machined for finishing and channig as per the given specifications. More
scientific details on synthesis and consolidatibbaron carbide can be found elsewhere [10].
After optimizing the processing parameters, feweskpents were conducted to ascertain the
reproducibility and it was found that the procegsioute has good reproducibility. The
creation of appropriate infrastructure and esthbient of extended laboratory scale
production and processing facilities and testinghef methodologies for making boron carbide
pellets, have been key factors in asserting imsige capabilities in the department for the
production and supply of control rods for PFBRhe developmental work to establish the
process flow sheet and operating parameters fahegis of boron carbide and consolidation to
high density shapes was completed first using ahtooron. After achieving the required
material purity, density and properties, trial protion work has been initiated witlf B
enriched material.

Production and supply of enriched boron carbide pelletsfor PFBR

The developed processing scheme was used for grodwf 11,180 pellets of enriched boron
carbide and loaded in the first core of PFBR. Thareetwo types of control rods in PFBR (1)
Control safety rods (CSR) and (2) Diverse safetdsi®SR). There was a requirement of 7355
pellets for CSR and 3821 pellets for DSR. Enrichedon was received from Heavy Water
Plant, Manuguru. Boron carbide powder was syntieglsusing batch size of 1 Kg. During hot
pressing, 62 pellets were made in one batch using-ocavity graphite die. For quality control,
the following checks were carried after every wperation to account for the purity of the
charge and contamination picked up during grindipgrations.

» Chemical analysis for all the specified elements @mpounds at different stages.

» Particle size & its distribution and specific sudaarea of boron, carbon angBpowders.
* Monitor the change in weight in each step (synt)eginding, drying, and densification).
» Phase identification by XRD (to be carried out maftgnthesis of BC)

Required machining, grinding and chamfering of getlets were carried out by Centre for
Design and Manufacture (CDM), BARC. Inspection wasgied out for all the finished pellets
by dimensional and visual inspection as per sptibn in supplied drawings in the presence
of QA-CDM, QA-NFC and QA-BHAVINI. Visual Inspectio(VI) of all the pellets has been
carried out using 5x magnifier to check the presesic(a) end chips, (b) circumferential chips
and (c) cracks as per ASTM-C-751-07. The pelletsevezitically examined and found to be
within the acceptable maximum permissible value®lle have been verified for
perpendicularity (Orthogonality) using V-block & &iindicator set-up. The measured values
(0.123 mm) were within the permissible value. Dgnsit the samples was found to be within
the acceptable limits. Chamfer angle was measurd*Rrofile Projector”. Pellet stack length
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was measured with “digital Vernier Calipers All the measuring instruments ahaving

calibration validity. Visually acceptable pellets have been used to nibkestacs. The
required stack length washieved by selecting the appropriate pellets coatluin withoutthe

need to cut/grindhe last pelletA total of 171 nos. of accegtle pellet stack length710 mm)

were prepared for 8R applicatior and 60 stack lengths (1010 mm) were prepared fdR.lI

Each pellet stack length has been packed in spe designed thermocol contain and sealed
in specially designed lockers in tpresence of BHAVINI & NFQQuality Control Tear. Each

stack wasdesignated with a code number. Each was labeled with pellet Stack numb

BHAVINI seal & signed by QA team members from NF@aBHAVINI. Fig. 2&3 show the
major facilities used for synths and consolidation of enrichedi@® respectively. Fig.4&!

show the photograph of enriched boron carbide fsefied shipping of DSR stac

T g
Trem T

o el

D | ali N
Fig. 2: Induction furnace for synthesis of powders Fig. 3: Hot Pressfor fabrication of enriched boron

carbide pellets

Enriched B,C pellets (DSR-382 Nos.) shipped to NFC, Hyderabad on
14/01/2014

Enriched Boron Carbide (B4C) Pellets §

'Ww‘“?“”ﬁ““ﬂw'wﬂg""ﬁligww”"l”;;‘"dwww_j— s i

Fig. 4. Enriched boron carbide pelletsfor PFBR Fig. 5: Shipping of DSR stacks
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Summary

Enriched Boron carbide pellets were fabricatedobwder metallurgy route, which involves
the following intermediate steps:

* Preparation of BC from elements with controlled composition. Stagtipowder
chemistry, particle size and morphology have besred in order to get the desired
quality.

* Micron size powders of & without any significant contamination from grindimedia
were prepared by energy intensive grinding opematio

» Dense enriched boron carbide pellets were fabaodiy hot pressing without using any
sinter additives.

» Density, hardness, fractures toughness, compresseegth, flexural strength, thermal
conductivity, coefficient of thermal expansion peojies were evaluated for finished
pellets.

* Microstructural characterization (XRD, SEM-EDS) eearried also out.
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I ntroduction

Luminescence is a phenomenon of emission of lightdrtain class of materials. Among the
various categories of luminescence, themoluminesce(lL) and optically stimulated
luminescence (OSL) are the ones in which emissidiglat takes place during stimulation of an
irradiated material through thermal and optical nseaespectively. OSL is relatively new
technique for radiation dosimetry that was origynaleveloped for geological / archaeological
dating [1]. Over several decades TL is being pcactias an established method for radiation
dosimetry. However, of late, in the internationalersario OSL based dosimety is being
increasingly adopted in various branches of ragiatiosimetry which includes personnel and
environmental monitoring, medical dosimetry etc. eTheason for this being several
advantageous features of OSL over TL techniquefékeand multiple readouts, absence (no) of
thermal quenching, high sensitivity and dose revedton in a simple manner. OSL dosimetry
thus is a viable alternative to the existing TL idutry program. Prompted by this, BARC has
taken an initiative which has resulted into indiges development of highly sensitive OSL
phosphors liker-Al,03:C, LIMgPO,:Th,B (LMP) and instrumentation for advanced OSader
systems as well as new OSL techniques. This pagmorts on some of these developments
carried out in BARC in the field of OSL materialsida associated instruments for their
applications in personnel and environmental momtpprogram and its current status.

Development of OSL phosphor Materials

The OSL phosphor material to be used for radiatiosimetry must have attributes like high
sensitivity to ionising radiation, tissue equivdleatomic number, negligible post irradiation
fading of signal and stability against environméfdators. Several oxide, phosphate and fluoro-
silicate based OSL phosphors have been successfuithesized using different techniques in
BARC as well as in collaboration with universitiésy to list aren-Al,05:C, LiAIO,:Mn/Ce/Tb,
Li.B4O;:Cu,Ag, YAG:C, AbOs:SIi,Ti, LIMgPO,:Th,B, SiQ:Ag, LiAlsOs:Th, a-Al,O3:B,
M,SiFs, (M=Li,NaK), CaSQ:Eu [2-12]. These materials were thoroughly in\geed for their
dosimetric performance using TL/OSL techniques.ides TL/OSL characterization of these
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materials, several spectroscopic techniques liketghbminescence (PL), optical absorption
(OA) and electron paramagnetic resonance (EPR) vedse used to understand their
luminescence mechanisms.

Out of these phosphorg;Al,05:C and LiMgPQ:Tb,B owing to their high OSL sensitivity and
wide dynamic dose range were found to be most @iagifor applications in personnel &
environmental monitoring and medical dosimetry.

a-Al,03:C in particular, due to its ultra high sensitiviipd desirable attributes like excellent
thermo chemical stability and a favourable fadih@racteristics, has been widely accepted as
reference OSL phosphor[13]. Conventional synthesishis phosphor relies on Czochralski
growth of alumina crystals in reducing environmehCarbon. This method however leads to a
concentration gradient of carbon across the crysbdme. As a result, samples cut from
different portions of the grown crystal exhibit idions in dosimetric performance [14].

In BARC, we have developed a cost effective metfuwdhe large scale preparation of highly
sensitive dosimetric grade-Al,03:C phosphor [15]. In this method, high purity.@ pellets
were fused in vacuum induction furnace at abouDZXD. Figure 1 shows the high temperature
vacuum furnace set up used for this purpose. Fadaaiina, figure 2 (a) thus obtained is
pulverised and sieved to 75 to 100 um grain simgedig. 2 (b). Figure 3 (a) and fig. 3(b) depict
the TL and OSL response of the melt processe@AC phosphor and its comparison with the
commercially available AD;:C phosphor.

Various dosimetric parameterdz. senstivity, batch homogenity, reproduchbility, darity,
minium measurable dose (MMD) and energy responsphtitons and beta radiations were
investigated on the developed phosphor and wenedféa be satisfactory. The fading studies at
an absorbed dose (free in air) of 10 mGy perforopeto a period of 95 days showed negligible
(~ 2 %) loss of the OSL signal from A&);:C.

Fig. 1. Vacuum induction melting / casting fur nace
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Fig.2 (a): Mdt processed Al,O3:C

Fig.2(b): Al,O3:C powder on pulverisation
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Fig. 3(a): TL glow curve of the melt processed Al,Os:C phosphor

The LiMgPQ:Tb,B (LMP) phosphor was prepared by solid statactien between LiOH,
Mg(NO3)2:6H,O and NHH,PO, in air. To dope the phosphor with Terbium and Borerbium
oxide and boric acid were used as starting masedafing the preparation of the phosphor [7].
For OSL measurements, discs made of phosphor orlifanixed with Polytetrafluoroethylene
in 1:3 ratio. Fig.4 (a) shows the TL glow curveldiP along with the de-convoluted peaks. The
glow curve exhibits three prominent, well separafédpeaks. The peak appearing around 230
°C is quite stable and is termed as “dosimetrickjedL response of 230C peak of LMP is
about 0.28 times that of the dosimetric peak of @aASy phosphor. The OSL sensitivity of
LMP phosphor was found to be about 1.3 times ta tiacommercial AIO3:C (fig 4 (b)).
Various characterization tests were carried outtttm LMP phosphor and the features are:
detection threshold- 5 pGy; linear dose respongeto 1 kGy which is superior to AD;:C and
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CaSQ:Dy phosphor; reusability- at least up to 50 cyclead fading ~ 17 % in 20 days and
stabilising thereafter. The phosphor can be usegdosonnel monitoring (low dose range) as

well as for food irradiation.
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14000

12000

10000

8000

6000

CW-OSL intensity (a.u.)

4000 +

2000

— Batch (1)
—— Batch (2)
—— Batch (3)

— Landauer

Al>03:C samples irradiated to 20 mSv beta dose

0 10 20 30

Time (s)

40 50 60

70

Fig. 3 (b): CW-OSL response of the melt processed Al,O3:C phosphor
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Fig4 (a): TL glow curve of LMP.
The peaksmarked as|-V are
the deconvoluted peaks.

Development of OSL Dosimeters

a-Al,03:C phosphor based dosimeters

a-Al,05:C phosphor synthesized through melt processirtgntque was pulverized to a powder
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Fig. 4(b): CW-OSL curvesof LMP & Al,O3:C

having grain size ranging from 75 -105 um (figuyeThin dosimeter discs (fig. 5) of 7 mm
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Fig. 5: Thin a -Al,O3:C dosimeter discs

diameter, 0.14 mm thickness and density ~25 mghwere prepared by sandwiching the
Al,O3:C powder between two thin transparent plasticdifior their use in OSL dosimeter badge
Notably, these OSL discs being thin (0.14 mm), rodff@listinct advantage over thick dosimeters
particularly for the measurement of low enegy brathiation. More than 12,000 such dosimeter
discs were fabricated. The dosimetric charactessif these OSL discs are given below:

i)  Minimum measurable dose of 50 pGy using the indigsnreader systems (at the current
stage of development).

i) Dose Linearity from 50 uGy to 1 Gy.

iii) Fading in dark at room temperature is ~2 % in 3ith® ( ~ 5 % in a year).

iv) Coefficient of variation(%%] among discs of a given batch within £ 5 % and batch

homogeneity within + 12 %.
v) Useful energy range for a) Photons is 5 keV to 3/M#& Beta particles is 0.7 MeV to 3.54
MeV.

LMP based OSL dosimeter discs

The synthesized LMP phosphor (grain size ~ 50 pmd)tagh purity Teflon powder (7A grade,
grain size ~ 53 um)) in1:3 ratio was mixed thordygh liquid nitrogen. Dosimeter discs of
diameter 10 mm and thickness ~ 0.4 mm were pregesadthis mixture.

Various characterization tests were carried ouherLMP phosphor discs.

The results of this study indicated: detection shodd ~5 pGy; linear dose response - up to 1
kGy (fig. 6 a) ; reusability- at least up to 50 leg; fading (post 24 hrs) ~ 17 % in 20 days @ig.
b). It is worth mentioning that neither establishEd phosphors viz.,LiF:Mg,Ti, LiF:Mg,Cu,P
and CaSQ@Dy nor the widely used OSL phosphor like,@4:C possess linearity over such a
wide range of doses.
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Design of four element smart OSL D badge

A prototype smart OSL dosimeter (OSLD) badge basedhin a-Al,O3:C discs was designed
and developed for DAE personnel and environmentalitaring applications. The OSLD badge
Is intended to measure X, andy radiation doses in field conditions. The prototypaRC
OSLD badge consists of a four element OSLD car@é TOSLD card is a 1.6 mm thick plastic
card with four 1.0 mm deep, 7 mm diameter circuégressions to position the OSL dosimeter
discs in the card. Four semitransparentQAIC dosimeter disc (fig. 5) are placed in the
recessions and locked using wire spring. A machaaelable ID code in the form of 16x3 hole
pattern is punched on the plastic card for thetifieation of the person using the OSLD. This
OSLD card is inserted in a light tight black plastiassette (containing energy compensation
filters) to keep it under dark condition during u$le black plastic cassette is further inserted in
to another transparent watertight plastic cassétieh has a plastic clip for wearing on the body
(figure 6).

Fig. 6: Prototype four element OSLD badge. (a) Plastic dosimeter card having built-in machine
readable ID code which contains thin Al,O3:C OSL dosimeters and light-tight black cassette to
house the plastic dosimeter card (b) OSLD badge with transparent plastic cover

Development of OSLD badge reader systems

Two semiautomatic versions of personnel monito®§LD badge reader systems (figure 7)
working in reflection and transmission mode wersigiged and developed for the readout of the
above mentioned four element OSLD badge. The eleictcontrol system of both the version of
the OSLD badge reader systems are based on 80&Intorocontrollers. The basic electronic
hardware consists of optical stimulation sourdghtldetection assembly (consisting of a PMT),
high current driver circuit for the stimulation higsource, current to frequency converter and
optical power measurement unit. The reader is obatt through RS-232 serial interface and all
the input parameters like stimulation light intépscycle time and EHT can be entered through
PC. The optical stimulation of the OSLD cards ikieged using high power blue (470nm) LED
clusters and work on continuous wave (CW) OSL moideperation. User selectable variable
stimulation (blue) light intensity upto ~100 mW/te the sample position is provided in the
reader system. After the read-out process is cetagl the OSL data of each disc is stored on-
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Fig. 7: Refletion and Transmission mode Semiautomatic OSL D badge reader systems

line into PC and can be accessed later for dose estimdtfmnreader has a number of -
diagnostic features to ensure a high degree @itiétly.

The OSLD badge reader system was calibrated bydegpOSL of the A,03:C discs exposed
to known doses anthe performance of the reader system was evaluatedarious reade
parameters. The reader systems cover a wide dyndosie range of 20 uSv to 10 Sv witl
MDL 50 uSv with the presena-Al,O3:C OSL dosimetersFigure 7 shows reflection ai
transmissiormode prototype OSLD badge reader systeFigure 8 shows the variation in t
OSL response for a set of 300 OSLD badges that dedireered an absorbed dose of 500 mi
mGy) from**'Cs. The dose reproducibility of 60.7% badges wahiw+ 3%, 27.8 % within+
5%, and the remaining withix 8%. The intra card sensitivity variation is foura ie well
within the limits as stipulated in the IEC 6100008) documen
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Fig. 8 Variation of OSL responsefor uniform dose of 500 mR of **'Cs
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Studies on Neutron Sensitive Dosimeter susing a-Al,03:C OSL Phosphors

Suitability of a-Al,03:C phosphor (prepared using a melt processing tgaéh for personnel
neutron monitoring was also investigated. Thin giallofa-Al,05:C powder mixed witHfLiF,
’LiF, high-density polyethylene (HDPE) and Teflon terial were prepared. The pellets were
arranged in two different paira:Al,O5:C +°LiF / a-Al,05:C + ‘LiF anda-Al,05:C + HDPE /a-
Al,O3:C + Teflon, for neutron dose measurement (in tlo@aenergetic neutron fields of 0.024
MeV to 14.8 MeV energy range and a field of a Ff€f radionuclide neutron source) using
Aalbedo and recoil proton techniques [16]. The @&tponse of the ADs:C +°'LiF dosimeter

to radiation from &°°Cf source was 0.21 (in terms of personal dose edgrivH,(10) and
relative to radiation from &'Cs source). The OSH,(10) response of the-Al,0s:C + *'LiF
dosimeters was found to decrease by more than tdey®of magnitude with increasing neutron
energy, as known for TLD Albedo dosimeters. The @&tponse of the-Al ,05:C + HDPE /o-
Al,03:.C + Teflon dosimeters was small (1% to 2%) in ®iwhHp(10) and relative to radiation
from a'®'Cs source, for neutron energies greater than 1 MeM.o-Al.Os:C + ®'LiF OSL
dosimeters will be useful alternative to TLD albedosemeters for personnel neutron
monitoring.

Optical bleaching setup for fast resetting of large number of OSLD cards

The OSLDs needs to be optically reset before #reyissueded to the users (like the TLDs
which are annealed at ~ 230 °C for ressting thee)dd3ptical bleaching setup is necessary for
erasing (resetting) left over dose from a large bemof OSLD cards. For the fast and efficient
erasing of large number of such OSLD cards an alplieaching set up has been developed as
shown in figure 9. It contains two LED panels eaelving 35 high power blue (470 nm) light
emitting diodes (LED) arranged in a 7x5 matrix fatran which uniformly illuminates area of
20x20 cmi. The side panels of the bleaching setup is coatd silver paint which acts as a
good reflector of blue light and further boost thatical bleaching of the OSLD’s. The light
intensity is programmed by controlling the currdmbugh each LED panel. The setup is capable
of resetting fifty OSLD’s at a time.

Fig. 9: Optical bleaching setup for resetting the OSLD badges
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Field trialsof OSL dosimeters

Extensive field trials of both AD;:C and LMP based OSL dosimeters were carried aut f
personnel and environmental monitoring applicatioffse ALO3;:C OSLDs were issued to the

radiation workers in research (Dhruva) and powectors (TAPS 1&2) along with the regualr
TLD badges. Both TLD and OSLDs were issued in tegning of the service month and

collected for readout at the end. This was doneafperiod of six months. The dose from the
TLD badges were read in the TLDBR-7B badge reagstemm at TAPS and the OSLDs were
read at RSSD, BARCJ[17]. Figure 10 depicts the destenates of both TLD and OSLDs. The
comparitive study shows that the TLD and OSLD da@sesn very good agreement. The OSLDs
were also deployed along with TLD badges around BAfIemplex for a period of three months.
The estimated dose of the environmental field ¢estucted around BARC complex using TLD
and OSLD (figure 11) match withitil 0%.

LMP phosphor based OSLDs were deployed along with donventional CaSy based
TLDs in the environs of proposed NPP in Jaitaput ldissar as a part of pre—operational base
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Fig. 10 (a): Comparison of the TLD and OSLD dose measured for TAPS 1& 2
(b): Ratio of TLD to OSLD dose
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Fig. 11: Annualized dosesin the environs of KAPS estimated by TLDsand LMP based OSLDs

line studies. In Jaitapur, the mean ratios of desmsured using TLDs to that of the dose
measured using OSLDs were found to be 0.86 + OrlKumbharia, Hissar, the mean ratio of
dose measured using TLDs to that of the dose medsiging OSLDs was found to be 1.17 +
0.22. The environmental gamma dose measured us8idd® and TLD’s in the environs of
KAPS for a period of twelve quarters were foundbéan very good agreement (fig. 11).

Multi-Sample TL-OSL Reader System

The commercially available automated TL and OSldeeaystems used for luminescence dating
and research applications can accommodate up sal@ples at a time. The readout cycles in
such reader systems are sequential i.e. only os®isdliread at a given time. Luminescence
dating requires extensive analysis of individuascdi and hence the capabilities of large,
automated, multi-sample readers are rarely used.

We have designed and developed a low cost multpaML-OSL reader system which has
facility for readout of eight samples in sequenta programmed way. Such reader systems can
be used in parallel and can increase the dataghput several fold. The Multi-Sample reader
system (figure 12) has features for measurementlof OSL, elevated temperature OSL,
isothermal TL/OSL modes. In OSL mode, continuousvevd®OSL (CW-OSL), Linearly
Modulated OSL (LM-OSL) modes of operations havenbe®vided.
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Fig. 12: Multi sampleintegrated TL-OSL Reader system for luminescence dating and resear ch applications

Two optical stimulation sources, bluk,& 470 nm) and infrared (875 nm) are provided in the
reader system. A pair of two high power blue ligiitting diode (LED) clusters (placed in
opposite to each other) provide up to 100 m\W/ e light intensity at the sample position.
The infra red stimulation is carried out using acfegwenty high intensity infrared LED’s (peak
wavelength ~ 875 nm amd\ = 20 nm) that are optically focused on the samplddliver IR
light intensity up to 100 mW/ctat the sample position during the readouts. A ipeec
temperature controller is provided in the readetesy for the TL readouts of the samples. The
temperature controller generates linear heatindilesofrom 0.5 t040°C/s and can clamp
temperatures up to 500. The reader system has provision for on plate irradiation of the
samples using a 40 m&iSrf°Y beta source. The user can specify heating / @jpsigmulation
profiles for the TL or OSL measurements in the ezaystem.

Conclusions

OSL offers several advantages over conventionalduTL technique. Therefore, there is a
worldwide paradigm shift from TL to OSL in the fikbf radiation dosimetry. In India, synthesis

of sensitive indigenous OSL phosphor is a milestomeards reaping the benefits of OSL

technique. Development of standard OSL phosphgDAC by indigenous technique and LMP,

a new indigenous OSL phosphor together with assatimstrumentation for reader system are
the crucial steps in the direction of replacingsérg TLD based personnel monitoring system
with OSLD based countrywide personnel monitoringgoam of DAE.
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Abstract

The shell effect and its damping over wide excitation energies have been deduced from an
exclusive measurement of the neutron time of flight spectra with a large area (~1nv¥)
neutron detector array in the 7 Li breakup followed by fusion of triton with 205 Tl. A
controlled measurement was also made with "™Ta where the shell effect of the residual
nucleus is small (~2 MeV). The allowed values of the physical parameters, y which relates
the damping of the nuclear shell effect and the asymptotic nuclear level density parameter a,
have been obtained for the first time in the Pb region. The measured values of these
parameters will be very much useful in the context of the current research on nuclear
astrophysics and synthesis of the supper heavy element.

Introduction

The observed magic numbers of nucleons (protonnaaitkon) in nuclei suggest thépave
shell structure analogous to the electronic sheliciure in atoms. The nucleiith magic
configuration have extra stability compared to éwverage behavior predicted by the liquid
drop model (LDM). According to Strutinsky, the dheffect in a nucleuss considered as a
small deviation from the uniform single particleeegy distribution.The shell effect plays
an important role in the explanation of the occocee of super heavy elements, fission
isomers and super-deformed nuclei. The shell efiésti affectshe nuclear level density
(NLD). The total level densities of the nuclei hetclosed shell configuration have several
orders of magnitude smaller than that of off-simeitlei at similar excitation energy. The
nuclear level density makes a transition from thellsdlominated regime at low excitation
energy to that of a classical liquid drop at highiti . A direct measurement of the nuclear
level density from the particle spectra can addrdes evolution of shell effect with
excitation energy. ThBILD, is a fundamental property of the atomic nuclee$ingéd as the
number of energy levels per unit energy at an aiort energy k. It is an essential quantity
for obtaining the thermodynamic properties of anitex] atomic nucleusnd also used for
the calculations of reaction rates relevant to @achstrophysics, nuclear react@sallation
neutron source$ see the cartoon inFig.1a). It is also, namely entropy, temperaturd an
specific heat. The NLD wa#rst calculated by Bethe using a non-interactiregrki gas
model where the single partidievels are equi-spaced and non-degenerate.
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The analytic form of the NLD with respect Ex deduced from Fermi gas model and

leading factor ip(Ex) ~ @B, where ais the level density parameter and is givera =
n°gl6, g is the sum of the neutron and proton single gartievel density at the Fert
surface. The NLD, in general, depends on the masthar (A) excitation energy, angul:
momentum, parity, isepin, shell effect, paring and the collective motidhe NLLC inferred
from various measurements show that on an avehegkevel density parame a increases
linearly with A as a~A/8 MeV, which is like liquid drop behaviour of the nucte
However, there is a significant deviation from thégiid drop value t shel closures and is
the largest (a 26 MeV?Y) for the doubly magic nucle 2°®Pb. This shell effect on the NL
parameter is expected to wash out with excitatieergy so thaa approaches its liquid drc
value at i > 40 MeV as shown in Fig.1b4,]. There is naneasurement in this importe
topic to address the washing out of the shell efbeer : wide E¢ range. This is because
the difficulty in producing the double closed shalicleus at low EX where shell effect
pronounced using fusion csuitable projectile andarget. We populate®Pb at low
excitation energy using triton transfer or the kugs-fusion in the’Li induced reaction ¢
05T and measured the neutron spectra from?*Pb in coincidence with the cgoing
alpha particlesA large area plastic scintillation detector array the neutron measureme
by time of flight techniqudOF) and a mini array of CsI(TI) detectors for the cleat
particle measurement by Pulse shape discrimin(PSD), were set up for this exclusr
measurement.

a b
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Fig. 1a: Scope of nuclear level density in pure anapplied research, 1b Plot,S’ vs Ey , shows the
washing out of shell effect with excitation energin the doubly closed shelf®Pb nucleus[3, 4]. The
shell correction energy used fo?*Pb is 13.4MeV. The solid line is the asymptotic liquid dop
behavior with a = A/8MeV ™.

Neutron Detector array Large Area

p ,namely)particularly organic scintillators ,Hydrogenous mattertialslastic and liquid
scintillatorg have been widely used for neutron measurementshbyTOF technique
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because of their fast response. A long scintillaetectocoupled to photomultiplier tube
(PMT) at either endszencrallyused to get positiomformation from the timing signal from
both the PMTs. A large area neutron detector array (~1xf)rhas been setup for the fast
neutron spectroscopyat the Mumbai Pelletron Linac Facili(PLF) [4] A photograph of the .

on detector arrayThe neutr .2.neutron array is shown in the Figconsists of 16 plastic
scintillatorbars of square cross secti@ach bar has a dimension 6 cmx6 cmx100 cm and is
coupled to two 5 cm diamet&P2020 PMTs, one each at either end. The arraybeused
for fast neutrorspectroscopy and also for any measurement in et@nce with neutrons.

The characterization of the plastic detector was dmirguradioactive sources aatso for
mono-energetic and continuum neutrofsom produced in nuclear reactionusing beams
from the PLF.The energy, time and position response has been mebfrguasi-mono-
energeticelectrons using Compton tagging of scatteyeihys and for mono-energetic
neutronsusing the’Li(p,n1)’Be*(0.429 MeV) reaction at proton energies betw8éhand
19 MeV. The array has been used to measure th@®atagm neutron spectrufrom 4 to 12
MeV in the reaction"C+ **Nb at E{?C)= 40 MeV and themeasured neutron spectrum
compares well with the statistical model calculatid Monte Carlo simulation algorithm
has been developed in-house to simuthte neutron energy dependeiifi@ency of the
array.

The Monte Carlo simulatesdfficiency of the plastic scintillator for the neutrdetection
agrees with that obtaindcbm the’Li(p,n1) measurements. Add-ons for the neutron detector
arrayare (a) Lead (Pb) sheets of total thickness 25 mmeglae front of the arrajo reduce

the low energy-ray background while not consideraditenuatingthe neutrons from the
target and (b) a 30cm thick shadow pyramid comgjsif several plates of mild steel (MS)
shield used to estimate the contribution tluthe scattered neutrons.

Detector array (T1)Csl

An array of 8 CsI(TI) sintillationdetectors PIN-coupled to Siphotodiode(PD) and pre-
T .d outamplifier for signal reahe array can be used for measurement oflight charged
particles with a reasonablgrgeefficiency.detector array mounted (TI)A picture of the CsI
The active area of each scintillator is .2.purpuse reaction chamber is shown in Fig-in a multi
2.5 cm x 2.5 cm and thickneses 1cm.The PD iseffiecient and has good ,very compact
stability andrequires less operatingvoltage .The detectors are covered withlg m
aluminised Mylar foil.

The standard pulse shape discrimination methodsésl dor theparticle identfication by
measuring the zero cross over timing (ZCT) of thepl#fier bipolar pulse. These detectors
have nonlinear energy response for variohigrged particles. The energy response of the
CslI(Tl) detectors ta particles has beemeasured from 8.80 MeV using a**°Th source
and the™C(12C, 0)*°Ne reactionat E{°C)=24MeV populating discrete states’fiNe. The
energy non-linearitynd the count rateffect on the PSD property ha also been measured
and it wasfound that the PSD deteriorates for count ra kHZThe complete
.Mumbai ,characterization of the detector for the charged particle has been made at the PLF
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CsI(T1) Detector Array

Neutron Detector Array
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Fig. 2: Schematic of the reaction mechanism used fmpulate the nuclei of interest to address the
damping of nuclear shell effect and the detector aay used for the charged particle and neutron
measurement

Measurement of the nuclear shell damping factor

The experiment was performed using a 30 MeV puléedeam (FWHM~ .5 nsand
period ~107 ns) at the Mumbai Pelletron Linac Fyc{lPLF). Self-supportindoils of 4.7
mg/cnt 2Tl (enriched to >99%) and 3.7 mg/&if'Ta (natural) were used as targets to
populate®®Pb and*®W respectively. The schematic of the productinachanism along
with particle detector array of the experimentdupds shown in Fig.2. A neutron detector
array consists of 15 plastic scintillatof square crossection was used to measure the
neutron spectra by TOF technique. Eaciutillator has a dimension 6 cmx6 cmx100 cm
and is coupled to two 2 inch diametehotomultiplier tubes XP2020 PMT§, one each at
either end.

The array was placed at angle of 90to the beam direction and at a distance of 1 m from
the target. An array of8 Csl(Tl) detectors ofactive area2.5 cm x 2.5 cm coupled to Si(PIN)
photodiodeswas used foralpha particlegletector array was placed at (T1)The Csl .detection
backward angles (~126150) and at a distance &6fcm from the target. The standard pulse
shape discrimination method is used for the partidentification by measuring the zero
cross over timing (ZCT) of the amplified bipolarlge with a in-house developed ZCT
module.
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The parameters (a) left (TLand right (TR ) timing of plastic scintillator witlespect to the
filtered RF (RF filtered by both the CsI(Tl) andaglic scintillator) using time to digital
converter (TDC), (b) deposited charge from left (fgand right (QR ) PMJ with charge to
digital converter(QDC)(c) time of CsI(Tl) detectors with respect to tileefed RF using a
TDC, (d) energy of CsI(TI) detectors and (e) ZCTiled Csl detector, were recorded in an
event by event mode using a CAMAC based datguisition system. The energy calibration
of the CsI(Tl) detectors were made foparticles from 8.5-25 MeV using &°Th source
and the?q(12 C,0)*Ne reaction at E{C) = 24 MeV. The calibration of energy deposited in
the plastic detector was made using Compton tageeal electrons fromt*’Cs and®°Co y-
ray sources.

The time calibration of the TDC was done using ec{gion ORTEC time calibratomhe
time walk correction was done to better than 0.28nmspecting the prompt gamma line in
the 2D spectrum between the energy deposited istipland time of flight. The TOF,
position information and geometric mean of the gpeteposited for the neutron events in
the plastic detector have been derived [5]. Tharggoc mean energy was used to put the
electronic equivalent (& threshold on the TOF spectra. An increasipgtBreshold was
used with increasing neutron energy (decreasing)TOFReduce the scattered neutron
contribution to the main TOF spectra. The efficien€ the plastic detector as a function of
incident neutron energy and energy threshold wisileded using a Monte Carlo simulation
code. The efficiency corrected energy spectra aftroas were derived from the TOF
spectra. Typical evaporation spectra derived frbenrteutron TOF spectra f6¥Pb and'®

W are shown in Figs. 3(a) and (b), respectively.

Results and discussion

The projectedalphaspectra from two dimesion plot beween Energy of Csl detector and its

ZCTpeak at 16.9 MeV(FWHM~4.5 MeV) withthe 205Tl target and at 16.3
MeV(FWHM~4.2 MeV) with the Ta targefThe nucleus®®Pb produced in the excitation
energy range 19 - 23 MeV correspontdsthe gates onalpha energyspectrum beween13.5
and19.5 MeV.

The excited nucleus decays predominately by the neutron emission @ingl the residual
nucleus in the £~3 - 14 MeV. The statistical model(SM) analysidled measured neutron
spectrawith Ignatyuk formulation of shell effect shows the expected large shell correction
energy (~13.1MeV) for the nuclei in the vicinitf odoubly magi¢®Pb and a small value
(2.2 MeV) around™®\W (see figure3 (a-b)).

An exclusion plot between the damping parameterthadnverse level density parameter
da (= A/a) has been made for the first time as showhig. 3(c). It is observed that the
acceptable range dfa lies between 8.0 and 9.5 MeV. The shell dampiampetery
constrained to (0.066%% 0,90 MeV ™ [6, 7].
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Fig. 3: (a) Neutron spectrum from 208 Pb at k£ =20.8 MeV and solid and dashed lines are the
statistical model calculation using shell correctin energy AS ) 13.1 and 2.2 MeV, respectively, for
a=A/8.5 MeV-1 andy=0.055 MeV . (b) Same as (a) except faf*W at EX =20.6 MeV and (c) the
exclusion pbt between 8a (= A/ a) andy. The allowed values of andy are within the contour

Summary and future perspectives

The damping of the nuclear shell effect with exaita energy has been inferred from an
exclusive measurement of the neutron spectra ifLilereakup followed by fusion of triton
with ?°°TI. The measured neutron spectra show a large sffelit in the vicinity o?°%Pb
while small shell correction explains the neutrpecira fromt®\W. A two dimensional plot
between the parameter shell damping factorand asymptotic nuclear level density
parameter a, has been made for the first time laaghysically allowed values are within
the contour. The precision of the measurement efddimping factor can be improved by
improving the detection techniques and also on dedaisition system to handle high count
rate with less dead time.

The neutron detection can be improved using thedigcintillation detector which has both
good timing for TOF and pulse shape discriminati@utron and gamma separation. The
charged particle detection can be made with S)/&€D detector for the excellent
identification of the light charged particles andl we useful to estimate contribution from
the other reaction mechanism. Similar measuren@mbe also be made in the nuclei where
the shell effect is pronounced, for instance$*#n(using rare isotope beams) and Pb-Po
region. A precise measurement of the shell eiactits damping factor in the magic nuclei
has important implication for current researchhie tuclear astrophysics and synthesis of
the super heavy element.
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Abstract

The present work is an attempt to provide an overview, about the status of R&D and
current trends in HLW management in Asian countries. The INIS database was sel ected
for this purpose. Appropriate query formulations on the database, resulted in the
retrieval of 4322 unique bibliographic records. Using the content analysis, all the
records were analyzed. Part One of the analysis details Scientometric R&D indicators,
Part Two is a subject-based analysis, grouped under: A. Waste Processing B. Waste
Immobilization C. Waste Disposal and D. Waste Packaging Materials. The results of
this analysis are summarized in the study

Introduction

Asia is one of the fastest growing regions in tharlev in the area of nuclear power
generation. According to the World Nuclear Assaoiatin East and South Asia, there
are 112 nuclear power reactors in operation, 37ucdnstruction and firm plans to
build a further 84 (at April 2010). Many more gyemposed. The greatest growth in
nuclear generation is expected in China, JapanthSKarea and India. Therefore,
significant amounts of radioactive wastes will lemgrated in the coming years.

In 1994, IAEA instituted a revised waste classiiima system, according to which,
there are three principal classes of radioactivetevd. Exempt waste, 2. Low and
intermediate level waste, and 3. High level wadtigh Level Waste (HLW)
management comprises a long term comprehensiveegrainvolving solidification,
interim storage, reprocessing, partitioning, packggand ultimate disposal in a
geological repository. All the member countries I&EA are currently using a
combination of waste processing methods to dedl salid, liquid as well as gaseous
wastes.

Objective

The objective of the present study was to analheettends in R&D, in the area of
HLW management in Asia.
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Materials and Method

The INIS database was used for the purpose of sisaly is the most comprehensive
source of information, on Nuclear Science & Tecbggl One of the strengths of this
database is the coverage of Non Conventional lLtiteza(NCL), technical reports
published by R&D institutions in the member cousgriof IAEA, which are not
available through normal publishing channels.

The cut off period for inclusion of records in ttetudy was December 2010.

Appropriate query formulations (Table 1) on theathaise, resulted in the retrieval of
4322 unique records on HLW management in Asia.

Table 1: Query formulation and retrieval of recordsfrom the INIS database (1976-2010)

Search History

#15 #4 or #5 or #6 or #7 or #8 or #9 or #10 or
#11 or #12

or #13 or #14 (4322 records)

#14 (#1 or #2) and Asia (673 records)

#13 (#1 or #2) and Egypt (13 records)

#12 (#1 or #2) and Vietnam (1 record)

#11 (#1 or #2) and Singapore (7 records)

#10 (#1 or #2) and Malaysia (1 record)

#9 (#1 or #2) and Indonesia (16 records)

#8 (#1 or #2) and Bangladesh (0 records)

#7 (#1 or #2) and Pakistan (10 records)

#6 (#1 or #2) and China (614 records)

#5 (#1 or #2) and Japan (3278 records)

#4 (#1 or #2) and India (457 records)

#3 #1 or #2 (24126 records)

#2 HLW (4664 records)

#1HIGH-LEVEL-RADIOACTIVE-
WASTES' in

DE* (22615 records)

(* The Descriptor field in the INIS database)

All the 4322 bibliographic records retrieved frohetINIS database were downloaded.
The content analysis method [1,2] was used to aeallge records. Content analysis
method is a well-documented qualitative as welfjaantitative research method. It is
primarily concerned with the study of basic subjeatiegories, which occur in any text
or document. The researcher searches for strucincepatterned regularities in the text
and makes inferences on the basis of these retiggari
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Analysis and Results

Fig. 1showsthe distribution of publications on HLW. From 19&®en the number of
publications was 2, to 2008, when they increasedlted fold to 230, there has been a
steady increase over the years. 2005 was the mudtigtive year with a record number
of 272 publications on HLW.
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Fig. 1. Growth of Publications on HLW (INIS Database 1976-2010)

As for the type of publications on HLW downloadednh the INIS database, journal
articles were predominant with 39% of the totaliested records. Technical reports
ranked second with 29%; Proceeding volumes, Bookk Monographs 21%; Others
7%. Patents formed 2% of the retrieved recordschwim itself is an indication of the

strong R&D on HLW.

During the country-wise analysis (wherein the coumtf input of the publication is
taken into consideration) it was observed, thabdapas the most productive country
accounting for 56% of the total publications on HLWSA ranked second with 11% of
the publications; China was third with 9% and Indsmked fourth with 8% of the
publications on HLW. Fig. 2 gives an indicatiorOther countries and the IAEA
contributed to the remaining 16% of the recordsAUW@th 527 records, France with
120 records and Germany with 65 records formed ppmportion of the retrieved
records on HLW management in Asia.

On further analysis it was observed that this anlpnmvas due to corporate authorship of
the retrieved bibliographic records. Several R&DBtitutions in USA such as the
American Nuclear Society, US Dept. of Energy, SanNiational Laboratories, the
American Institute of Physics, Materials Researtti&€yg, US Nuclear Regulatory

Commission, Idaho National Engineering Lab. andBlagelle National Pacific Labs,

ASCE and ASME organized seminars, symposia, comfeeand meetings on different
aspects of HLW management.
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Fig.2: Country-wise breakup of Publications on HLW(INIS database 1976-2010)

Similarly in France, the Societe Francaise d'Emeiducleaire (SFEN), OECD/NEA,
ANDRA CNRS/IN2P3 and f were actively involved inogsoring and arranging
conferences and meets. In Germany R&D organizatioieh as GRS, BMWA, KFK
and BFS were associated with organizing internatisymposia and seminars.

All the bibliographic records downloaded from tid$ database, were grouped under
the following major areas, for the purpose of R&Rpping.

A. Spent Fuel Recovery and Partitioning
B. Waste Immobilization

C. Waste Disposabnd

D. Waste Packaging Materials.

A. Spent Fuel Recovery and Partitioning
Japan

Japan has been and continues to be at the foreffoR&D in Waste processing
technologies. The most widely used waste processiathods for high level liquid
wastes (HLLWSs) were Precipitation, lon exchange &udvent extraction (TRUEX
(Transuranic waste extraction) process, DIDPA @lecylphosphoric acid) process,
DIAMEX (Diamide extractants) process, TRPO (Tridikyosphine oxide) etc. One of
the earliest reported studies was the extractionanthanoids(lll) with di-isodecyl
phosphoric acid from nitric acid solution in 19T&her reported studies in the late 70’s
were solidification and partitioning experimentshogh-level liquid waste; removal of

287




BARC NEWSLETTER

FOUNDER’S DAY SPECIAL ISSUE 2015

Cs, Sr, Ce, Eu and Tb into Na- and H-type zeolgedicularly the distribution of
cesium ion and the properties of ion exchange wrdied in various kinds of zeolites,
i.e. synthetic mordenite, natural mordenites andoptilolites. Zeolites are excellent
inorganic ion exchangers with high stabilities #dioactive irradiation. Their ion
exchange properties and thermal transformation strdied for the purpose of their
application to the separation of cesium and stwomtirom HLLWSs. Mordenite, one of
the zeolites, selectively exchanged cesium ion ithigh selectivity coefficient of
more than 1000. Thus cesium ion can be prefergngaichanged into the mordenite
even in the acid solution around pH 1, and sepatrétem other metal ions in HLLW.
In the solvent extraction process, a survey andsiflaation of extractants was
undertaken, wherein, the extractants surveyed waassified into six groups;
unidentate neutral organophosphorus compoundsntaigeneutral organophosphorus
compounds, acidic organophosphorus compounds, anainé ammonium salts, N,N-
disubstituted amides and the other compounds. Seseperiments were carried out to
test their extractability and radiation durabilitiyartitioning Studies carried out by
JAERI, with DIDPA (diisodecyl phosphoric acid) weegtensively reported Wherein
was back-extracted from DIDPA solvent. Most of édperiments were carried out to
select a suitable reagent for back-extraction VU) extracted from 0.5M nitric acid
with DIDPA. U, Pu, Np, Am and Cm in HLW were exttad simultaneously with
DIDPA, and they were recovered from DIDPA with waus reagents: nitric acid for Am
and Cm, oxalic acid for Np and Pu, and sodium aaab®or hydrazine carbonate for U.
Some partitioning studies were also reported usangovel silica-based CMPO
extraction-resin as well as through TOGDA (N,N,Ntétraoctyl-diglycolamide) a
diglycolamide.A new separation process for Np, P & using n- and iso-
butyraldehydes as reductants for Np(VI) and Pu(Péspectively, in the reprocessing
was investigated. CRIEPI and JRC-ITU undertookiat jetudy on pyrometallurgical
processing. The objective of this study was to destrate the capability of this type of
process to separate actinide elements from spehafid HLLW.

As part of the long-term strategy for managementHol W and its pretreatment,
partitioning and transmutation studies [3] werstfieported in Japan in the year 1979.
In this study, separation between plutonium anchiura with the use of lactic and
nitric acid mixed solution was achieved and transtion of Cs-137 was carried out, by
using a 10 GeV proton spallation reaction. In 1980hemical simulation study of
mixed oxide targets for transmutating Am-241 whbrimal neutron was carried out. At
the same time, coprecipitation and volatilizatioathods were used to remove Tc and
Ru. Radioactive ruthenium removal from liquid wastef Mo production process
using zinc, charcoal mixture and ion adsorbentsewatso reported to treat
HLLWs.Japan experimented with research on TRU #gmation in a fusion reactor
blanket. In the treatment of high-level waste kigsged from nuclear fuel reprocessing
plant. TRUs pose a major problem because of theg life and radioactive hazard. The
TRUs are loaded in the blanket of a fusion reaatat are incinerated through fission
reaction or nuclear transmutation, utilizing theauadbant neutrons in a fusion reactor.
The study was made on the modeling of Tokamak tiyston reactor, and the
calculation of neutron fluxes and energy spectrahi fusion blanket and the group
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constant for the burn-up calculation were done. Shely was then made on the
feasibility of incineration of TRU loaded in thesion blanket by using one-group burn-
up calculation. A conceptual study of actinide smntation system with proton
accelerator was undertaken and target thermal bldsaand target neutronics
calculations were performed. For treatment of selaktes, under the Project OWTF
(Oarai Waste reduction Treatment Facility) in JAEXapan Atomic Energy Agency)
volume reduction of waste was carried out, by iating and melting treatments.

China

Nuclear energy is developing rapidly in China. Mdran 1000 tons of spent fuel will
be discharged every year after 2020 in China. Aillda advanced nuclear fuel cycle
has been proposed to tackle this problem, basespent fuel reprocessing and high
level waste partitioning through the PUREX, TRPQ@ &mn/Ln separation processes.
These processes would reduce the quantity of Mikwtinides (MA) to about one-fifth
of the original HLW even without MA transmutatiorA compact tokamak
transmutation reactor was designed and used fatntent of high level wastes focusing
on neutronics, critical safety, heat transfer aptinoization of material composition in
several selected blanket designs. Several studiesed transmutation of actinides and
fission products, and nuclear system analysis. dstsdies showed that a 1 GW(e)
fusion transmutation reactor could detoxicate thelear wastes generated by 10 GW(e)
normalized fission power plants. Another study ied minor actinides transmutation
by Ultra Long Life Fast Breeding Reactor (ULLFBRY).demonstrated that loading
MAs with optimum pattern in ULLFBR can achieve bdtigh transmutation rate and
good core performance.

India

Several waste processing methods are employedh#rmrédcovery of Uranium and
Plutonium, waste volume reduction, recovery of otigclides of commercial interest,
effective separation of long-lived actinides anskitbn products and also to develop
better extractants [4]. India has experimented wilvent extraction methods for a long
time, using CMPO, DIDPA, TOGDA and TEGHDA. The Depaent of Atomic
Energy, particularly BARC and IGCAR have been a tbrefront of R&D on waste
processing. One of the earliest reported studiesecovery of Americium-241 was in
1981. Extraction of actinides from high level wasteeams of purex process using
mixtures of CMPO and TBP in dodecane was first regbin 1984. Recovery of
Technetium was experimented with an active carlmanen. Adsorption behavior of
Cs and Sr on a synthetic zeolite P was studiedurbllazeolites, clinoptilolite and
mordenite, were converted into zeolite P with ahtagystallinity, through hydrothermal
treatment with NaOH solutions.Simultaneous spetimopmetric determination of iron,
uranium and molybdenum in high level radioactivestgawas done using a matrix
computation method. Separation of transuranic eksnbased on DIDPA extraction
and oxalic acid stripping was reported. Effect afgna irradiation on some important
extractants of divalent palladium was reported. rF@agents, tri-isobutylphosphine
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sulphide (TIPS), alpha benzoin oxime (ABO), diostyphide (DOS) and
dioctylsulphoxide (DOSO), of relevance to the estiitn and recovery of palladium
from high radioactive waste solutions of PUREX orjgwere irradiated at different
gamma doses. A simple method for the recovery'efs and®Sr from fission product
waste was done using ammonium molybdophosphate jAdB polyantimonic acid
(PA). Resin column chromatography was used tovercpalladium from simulated
HLLW, in which separation of carrier-fre€Y from high level waste by extraction
chromatographic technique, using 2-ethylhexyl-2#4gigxyl phosphonic acid (KSM-
17) was reported. Spectrophotometer was usedtasl dor the analysis of various
species in radioactive liquid wastes. Monitoring pdfitonium in high active waste
streams of Purex process was carried out by alpezt®metry. A method for
determination of uranium and plutonium in high aetisolution by extractive
spectrophotometry was developed. TOPO in xylene uwsed as an extractant for
uranium and plutonium from irradiated plutonium kde and uranium carbide.
Partitioning studies in India concentrated on HL&Ysing from reprocessing of PHWR
fuels and FBR metallic fuels. IGCAR would be usitige pyrochemical route to
reprocess the waste. Development of the DiamexeBsotor treating PHWR HLLW
and the use of N,N,N' ,N' -tetraoctyl-3-oxapentariediamide impregnated magnetic
particles for the uptake of lanthanides and acotisifom nuclear waste streams were
reported. A novel, simple technique based on Magabt Assisted Chemical
Separation (MACS) was developed for the uptakeaathanides and actinides from
pure nitric acid solutions as well as from SimulbRressurized Heavy Water Reactor-
High Level Waste (PHWR-SHLW). Development of lomged radioactive nuclides
transmutation technology with metallic fuel FBR,daanalysis of radioactivity and
decay heat of metallic fuel were carried out by KBRC A few studies were also
reported on the development of pyrometallurgicatifpaning of transuranium elements
prior to transmutation in metallic fuel FBR. Anothmethod of transmutation of fission
products was reported with the use of an accelerato

Three transmutation methods using an accelerata igported: the proton method, the
spallation neutron method and the mu CF method.eiO#tudies on partitioning
included: separation of radio cesium from acid-Rusmlutions by sorption on
granulated AMP; partitioning and recovery of nepdam from high level waste streams
of PUREX origin using 30% TBP; degradation, cle@gnand reusability of CMPO in
HLW treatment for the partitioning of minor actiessi separation of carrier fré&y
from Purex high active waste solutions using exiwacchromatography; strontium
extraction by dicyclohexano-18-crown-6; actinidertpi@aning from HLW in a
continuous DIDPA extraction process by means oftrifagal extractors; solvent
extraction of americium (VI) by tri-n-butyl phospgka lon-exchange selectivity of
tertiary pyridine-type anion-exchange resin foratreent of spent nuclear fuels;
degradation, cleanup, and reusability of octylpléhiN'-diisobutylcarbamoylmethyl
phosphine oxide (CMPO) during partitioning of miramtinides from high level waste
(HLW) solutions; Recovery of actinides extracted Tayiex solvent from high level
waste using complexing agents; AKUFVE studies dmaexon behavior of neptunium
from simulated HLW solutions by 30% TBP; extractioehavior of neptunium from 3
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M nitric acid as well as simulated pressurized lyagater reactor high level radioactive
waste (PHWR-HLW) solution by 30% TBP/dodecane; ipaning of actinides from
synthetic PHWR-HLW using trialkylphosphine oxideydDex-923 with an aim to
recover the actinides from high level waste sohgiof Purex origin; thermodynamics
of strontium extraction from nitric acid medium ngi substituted crown ether.
Extraction of Sr(Il) from 4.0 M nitric acid was cead out by di-t-butyl cyclohexano 18
crown 6 (DTBUCH18C6) in mixtures of n-octanol antiutanol. N, N, N', N' tetrabutyl
dodecyl malonamide (TBDDMA) was also studied asoseh extractant for actinide
partitioning. Apart from TOGDA and TEGHDA, Pentaglknalonamides were also
used as extractants for partitioning of technetitrom high level nuclear waste
solutions. Di(2-ethylhexyl)pivalamide (D2EHPVA):salective extractant for uranium.
Di(2-ethylhexyl)pivalamide (D2EHPVA, a branched chamide) were used for the
selective removal of U over Pu(1V) / Pu(lll) and (\p / Np (IV) from HLW. Role of
two reducing agents viz. hydroxyl amine nitrate (MAand hydrazine nitrate (HN)
either alone or as mixture was evaluated for Np Rmextractant under simulated high
level waste conditions. Another amide, dimethyl uttb tetradecyl malonamide
(DMDBTDMA) in dodecane was used, for the recovefyAm from fluoride waste
solution. The extraction behaviour of heptavatechnetium from aqueous nitric acid
as tracer and in the presence of simulated wastestudied over a range of acidity (1-6
M) using DMDBTDMA (N,N' dimethyl N,N' dibutyl tetradecyl malonamide) and
TBDDMA (N,N,N'N' tetra butyl dodecyl malonamide) in-dodecane as solvents.
Large amounts of secondary wastes are also gederaimg solvent extraction
methods. A new zero-emission separation processepasted, using a thermosensitive
gel instead of the solvent extraction process, wiscapplicable to the partitioning and
transmutation system of trivalent MAs in HLWSs.

B. Waste Immobilization
Glass waste forms

Vitrification of nuclear wastes is attractive besawf its flexibility, the large number of
elements which can be incorporated in the glasshigh corrosion durability and the
reduced volume of the resulting waste form. Vitation involves melting of waste
materials with glass-forming additives so thatfihal vitreous product incorporates the
waste contaminants in its macro- and micro-stréctbiazardous waste constituents are
immobilized either by direct incorporation into tgkass structure or by encapsulation
when the final glassy material can be in form dblass Composite Material (GCM).
Both borosilicate and phosphate glasses are clyreised to immobilize nuclear
wastes, moreover in addition to relatively homogerseglasses, novel GCMs are also
used to immobilize waste streams.

Japan

Japan has been at the forefront of R&D in waste olntization technologies. One of
the earliest studies in 1978 reported the premaratf glass-metal composites
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(particularly copper- glass mixtures) through puesssintering, measurement studies of
their thermal conductivities and microstructure evalso reported. The late 1970’s and
early 80’'s saw a number of studies on vitrificatidachnologies in Japan:
characterization of borosilicate glasses containsngulated high-level radioactive
wastes from PNC and their evaluation; study for vhefication of high level liquid
wastes by in-can melting process(1978); developneéntitrification of high level
liquid wastes by joule heated ceramic melter. (J9P®t vitrification of high-level
radioactive waste; denitration and concentratiobfEW prior to vitrification (1979);
mock-up tests for a hot vitrification system. (138@elting of glass by direct induction
heating in a ceramic container. (1981); vitrificatitests by the use of glass bead-fed
Joule-heated ceramic melters (1982); vitrificategparatus; design and performance
test (1984). An advanced technology of SHTM (Sudagh Temperature Treatment
Method) using an induction cold crucible for theatrment of fission products generated
after the reprocessing of spent fuel was also megoas the future stage in the
vitrification process. All these experiments culatied in the design of the vitrification
plant for HLLW generated from the Tokai Reprocegdittant in 1986. The plant has a
large shielded cell with low flow ventilation, aminployed the rack-mounted module
system and high performance two-armed servomarigrugystem to accomplish the
fully remote operations and maintenance. The igtatfon of HLLW was based on the
liquid-fed Joule-heated ceramic melter processompmutational fluid dynamics model
of the melter was initially developed, to simul#te operation of actual melters.

India

Vitrification as a process for the management ghhevel liquid waste (HLLW) has
been accepted worldwide including India. Vitrificat process based on borosilicate
matrices has evolved in India right from employimgtallic melters in early eighties to
currently deployed ceramic melters. Induction olidccrucible melters are also on the
anvil for vitrification of HLLW from advanced fuetycles. The Central Glass and
Ceramic Research Institute (CGCGRI) was one of fir@ to experiment with
vitrification of HLW in glass, in 1978. In contragb normal practice of employing
theoretical considerations, a scheme based onigabhapproach was evolved for the
development of suitable glass. Thermal and radiasiability study of simulated high
level vitrified waste products and corrosion evéhra of high temperature alloys in
molten glass using neutron activation analysis otktivere done in 1981. Glass,
ceramic and glass-ceramic matrices for high-leadiaactive waste from fast reactors
were also examined. The HLW from the reprocessihdast reactor fuels contains
higher concentrations of actinide elements and enobétals than that from thermal
reactors. These elements have poor solubility irosiicate glass, leading to phase
segregation and consequent loss of chemical dityalAllternate glass and crystalline
ceramic matrices thus need to be developed fotahg-term disposal of fast reactor
HLW. In this context, work was undertaken on sinedbwaste forms based on three
different systems, viz., iron phosphate glass (IP&NROC, and monazites. IPG is
known to be a versatile host matrix for radioactnestesin India, extensive work was
carried out on Borosilicate glasses and IPG in BA&®@d IGCAR. In addition to IPG,
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studies on the thermo-physical properties of glassded ceramic waste form sodalite,
were also carried out at IGCAR. This glass was wedthmobilize simulated chloride
waste from pyrometallurgical reprocessing.

China

Study on the leachability of simulated HLW-glassnip surface structure of leached
HLW-glass forms and study on the devitrificatioehbviour of simulated HLW-glass
forms were first reported by China in 1986. Othirification studies include analysis
of simulated waste vitrification glass specimensl®/AES, performance studies for
waste glasses and leaching test for BEL-15 viaifan waste form in simulated
interstitial clay-water at high temperature. Apfaam glass, another waste form study
reported in the mid 80’s was the Immobilizationsihulated high level wastes into
Alkali-Activated Slag Cement (AASC). A feasibilitystudy on casting rock
solidification of defence high level waste was alsmlertaken. A preliminary study on
the formulation and technological process of castiack solidification of defense
HLW was carried out and the casting rock solidifiptbduct of defense HLW
containing high contents of Mand AbO; was prepared. The selected technological
process was denitration-calcination-sintering. Terafure has strong effects on the
leaching behavior of the 90-19/U simulated highelewaste glass form. Calculation of
high temperature viscosity for simulated waste sgasas well as corrosion studies in
simulated glasses were done.

Many countries have recognized vitrification as thetable solidification method for
conditioning high level radioactive waste beforeythare isolated from biosphere in
geologic disposal. Several studies were undertakdeaching behavior of a simulated
HLW-glass (90Nd/10) under low oxygen repository dition during 1.5 years as well
as unde repository condition in different kindsg#ological media, such as granite,
cement, bentonite, E®, , etc. Experimental results showed that glasslessl mass
loss in granite and more mass loss in bentoniter adt two-year leaching test.
SEM/XEDS analysis showed some element distributionsthe leached specimen's
surface, i.e., Na, Si and Mg elements were redocethe specimen’s surface; whereas
Ba, Al, and Fe were enriched on the specimen'aserfTest on a new No.23 alloy steel
to make melting pot for vitrification was also camted. Efforts were made in the
People's Republic of China to solidify HLLW by thequid-Fed Ceramic Melter
process (LFCM) in the 1990's. This process waset@ lcontinuous process with high
throughput similar to the process followed in Fianc

Solidification of HLLW
Japan
Another alternative to vitrified solid which is agtable and well characterized for

storing radioactive HLLW with desirable long-terrtalsility is ceramics. The earliest
studies in 1978 reported the solidification of HLLY the glass-ceramic process and
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the sintering process. Glass-ceramic is a prodotetiimed by the heat treatment of glass
which is converted to thermodynamically stableestdthe systems of glass-ceramics
studied were diopside, celsian, perovskite, andryptite systems. A ceramic
solidification system with natural zeolite was evipeentally tested in 1979. Various
compositions of glass-ceramics for the solidifieatof HLLW were studied and glass-
ceramics in the diopside system were concludee tivd most suitable. Compared with
the properties of HLW borosilicate glasses, thdseiapside glass-ceramic were found
to be almost equal in leach rate and superior arntlal stability and mechanical
strength.

It was also found that the glass in this systemdtba crystallized simply by pouring it
into a thermally insulated canister and then alignit to cool to room temperature.
Vitrified Waste Products made from simulated wastese evaluated for their chemical
durability, homogeneity, phase separation, thermahductivity, viscosity, using
nondestructive and other techniques. Safety evaluabf encapsulated vitrified
products, was also carried out, using the Drop ohiest of products. Borosilicate glass
products containing simulated high-level waste weérepped onto an iron plate to
examine mechanical strength against impact breR&Ip.on Storage and handling of
vitrified waste products was also undertaken iralapA gamma-scanning system has
been developed using an emission-computed tomogr@pICT) technique in order to
detect the radioactive homogeneity of vitrified HLM#ms, from which samples are
provided for the performance tests under the l@ngitstorage and disposal conditions
in hot cells of the Waste Safety Testing FaciltyASTEF).

I nternational Projects
JSS project

JSS (Japan, Sweden and Switzerland) undertooksiidy on the leaching properties
of vitrified high-level waste subjected to groungmbsal. It was initiated in 1981. The

three countries are currently entrusting otheromatiwith the reprocessing of their spent
fuel. However, they will have to ultimately unddwathe disposal of their own high-

level wastes. JSS was therefore involved in the R&MDhe JSS glass. A testing system
was established to evaluate the leaching of ratligaglass. The leaching resistance of
the simulated radioactive JSS glass prepared hasehigher than that of any other
simulated non-radioactive glass material reporteelvéhere.

Japan-Australia co-operative programmeme on research and development of
technology for the management of high level radioactive wastes

The R&D work carried out in the Co-operative Prognaeme provides strong scientific
evidence that the durability of ceramic waste forsinot significantly affected by
radiation damage and that high loadings of actimiidenents can be incorporated into
specially designed ceramic waste forms.
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Moreover, natural minerals have been shown to nemsiclosed systems for U and Th
for up to 2.5 billion years. These results gaveoash to the development of second
generation waste forms, such as SYNROC, to handied waste which may not be
suitable for vitrification

Other Waste Forms. Synroc

SYNROC (SYNthetic ROCK) is a titanate ceramic deed)to immobilize the high

level wastes arising from reprocessing of spent fum nuclear power reactors.
Extensive investigations of the chemical and plalsmroperties of SYNROC were
carried out in Australia, between 1979 and 1983NRYC offers important advantages
over borosilicate glass as a wasteform, both imdgeof performance (resistance to
groundwater leaching) and in achieving public ataieipty.

Japan

R&D on high-level radioactive waste immobilizatiom synthetic minerals;

Supercalcine and SYNROC was first carried out ipadain 1981. Other studies
followed: evaluation of fabrication condition of SIROC by cold press and sintering
method; fabrication parameters of SYNROC B (nottamed simulated waste),
SYNROC C 10 (with simulated waste of 10 wt%) and\NROC C 20 (with simulated

waste of 20 wt%) and their evaluation by cold prasd sintering method. Another
method reported for fabricating SYNROC was by Hatiddial Pressing (HUP)

method. SYNROC-B and -C samples were fabricatetHb¥? with variant conditions

of sintering temperature, pressure and time.

China

Solidification of simulated trivalent actinides bYNROC process was done.
Zirconolite-rich ceramics and Perovskite-rich cei@mwere fabricated for the
incorporation of simulated trivalent actinide wastand the physical properties, XRD,
SEM and durability tests were performed. The ihpi@perty tests indicate that the two
SYNROC-type ceramics could immobilize the trivalesictinide wastes. Tc
immobilization by using perovskite-rich and rutiieh SYNROC was experimented
upon. The simulated technetium separated from HL&¥ iwnmobilized in perovskite-
rich and rutile-rich SYNROC which contained 85wt¥perovskite or rutile and 20, 25,
30 or 35wt% waste loading, respectively. The SYNR@&3 prepared by hot pressing
under reducing condition. Hollandite-rich SYNROCttwidifferent simulated**'Cs
separated from HLW was fabricated and tested. Radiaffects of pyrochlore-rich
SYNROC by heavy-ion irradiation were studied. Heawy irradiation is commonly
used to study radiation damage of HLW forms, bubrswas never used before. In
these investigations, 100 Me¥S ion produced by tandem accelerator was used, to
study radiation effects on pyrochlore-rich SYNROGieh contained simulated
actinides. Solidification of simulated radioactiveineration ash with zirconolite and
sphene SYNROC was done. Making use of cheap natucahite, CaC@and TiQ as
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raw materials, adopting high temperature solidestafction, the study of solidification
of simulated radioactive incinerated ash was cardat with zirconolite and sphene
using volume-density measurement, X ray diffract{dfRD) and scanning electron
microscopy (SEM). Zirconolite and sphene could petisesized and the simulated
radioactive incineration SYNROC form could be siatkat the same time, which made
the process technically feasible.

Indonesia

A comparative study on chemical resistivity of Glasxd SYNROC that were loaded
with HLW was carried out. A composition of high &Jiquid waste was simulated
using Origen-2 referring to a PWR spent fuel witligmeters such as burnup 45,000 of
MWd/MtU, 4,5% enrichment, specific power of 38 MWHU, and 4 years cooling
time. The glass waste sample was made by addimgnaased high level waste into
glass fritz and then heated at temperature of CL5Results showed that the leaching
characteristics of both glass and SYNROC wastesdetkmo be similar. The higher the
waste loading the higher the leaching rates, withike longer the leaching time, the
lower the leaching rates. The leaching rates of RO waste was about 10-20 times
lower than that of glass waste.

Korea

Hollandite-rich SYNROC was used for immobilizatiohSr/Cs separated from HLLW.
SYNROC which comprised hollandite-rich (Ba Csyx (Aly Tio.y) Tig O, 75Wt. %),
perovskite (CayTiOs, 15wt. %) and rutile (Ti@QlOwt. %) was devised for the
immobilization of Sr/Cs (1:3, wt.%) separated fréthLW. Hollandite-rich SYNROC
with different contents of Al element was fabrighgtand its mineral phase assemblage
and microstructure were determined by using XRD S8B#M/EDS. The durability test
was carried out by using MCC-1 method, the leachate analyzed by using ICP/MS
and ICP/AES. The results indicated that hollandite- SYNROC variants, was a
suitable host for immobilization of Sr/Cs separdtedn HLLW.

I nternational Projects on Waste Solidification and I mmobilization
Vitrified Waste Coincidence Counter (VWCC)

Under an agreement between JNC and DOE, a vitrifiadte coincidence counter
(VWCC) capable of measuring the quality of nucleaaterial in vitrified waste was
developed in cooperation with the Los Alamos Natlobhaboratory (LANL), for the
termination of safeguards of vitrified waste. Th®VEZC consists of a detector head
(five He-3tubes shielded by lead, tungsten andgibiylene), two shiftresisters, a digital
camera to photograph ID numbers and two computéeasurements are taken and the
data is stored automatically. The agencies are #tls to verify the termination of
safeguards by checking data periodically.
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International collaboration on nuclear waste solidification

A number of collaborative research projects betwBelgium, Canada, France, Japan,
Sweden, Switzerland, the United States, and therBe&epublic of Germany are now
in progress to test the relative surface reactaynsuclear waste glasses under a variety
of simulated repository conditions. Several glasBem these tests are also being
evaluated in clay in Belgium. Comparisons of theadated burial conditions with
glasses containing radioactivity close to that etgx for commercial operations at
LaHague, France, are being made by a Japan-Swedé&eand consortium, with
collaboration from the Commissariat a I'Energie mAlgue, Marcoule and the Hahn
Meitner Institute, Berlin. These studies could I¢adn international consensus on the
relative performance of high-level waste forms udthg borosilicate glasses, waste
packages and repository variables.

C. Waste Disposal
Japan

Once again Japan was in the lead in R&D on wasipodal. Most of the studies
undertaken in Japan concentrated on experiments@nguter simulations on design
and development of HLW waste repositories. Since 1970s, Japan has been
conducting studies for geologic disposal of HLW.e$& were performed at the Tono
mine and at the Horonube Underground Research hadrgr(Horonube URL).

a. Design studies, safety evaluation and performance assessment

Design study on a geological repository with respedeat generated from high level
radioactive waste forms was carried out; conceptiesign of geological repositories
for high level wastes was undertaken; experimemigbroach to performance of
engineered barriers under repository conditionseligment of computer codes for
performance assessment of geological disposalrmeystidy of deep cavern stability
design method in radioactive waste repository.

An improved design of radwaste repository was pleposed based on the concept that
with suitable engineering efforts, a well-harmonlizéesign of the artificial-barrier
system itself could reduce the potential radiolabicazard of high-level radioactive
wastes to an acceptable level. Key radionuclided parameters that determine
performance of geologic repositories for high-leveddioactive wastes were
investigated. An exploratory approach for scenaaiwalysis in the performance
assessment of geological disposal was also proposed

b. In situ underground experiments
Thermal characteristics of rocks for high-level teasepository and solubility limited

radionuclide transport through geologic media werdertaken in Japan in 1980. Heat
transfer study around a high level radioactive waspository was done and thermal
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and mechanical effects of the high level radio&ctivaste on the rock mass for a
repository were also studied. In the undergrouralaggcal repository, buffer materials
would be placed between a package and wall roekdisposal pit. A bentonite powder
produced in Japan was compacted in a test holititirso 1.27 kg/criat 380 m below
surface and heated with an electric heater for @882 hours. The value of the obtained
thermal conductivity of the buffer material waghlily larger than that of the laboratory
data. A preliminary test on a bentonite/sand mixtuas also undertaken.

International collaboration on Geologic Disposal

Under the joint internationalunnel Sealing Experiment (TSX) Project,between
AECL, Canada and JNC, Japan, at the UndergrouneaRgs Laboratory (URL) in
Canada sealing technologies considered in the sealing gquneere experimented
upon. Sealing involves backfilling, plugging, grmgf etc. The project mainly focused
on plugging. R&D was carried out both on the meatarplug and the hydraulic plug.
The mechanical plug is the concrete plug, and ylkedulic plug is the clay-based plug.
Pressurized water is injected in the pressure chanmstalled between the concrete
plug and the clay-based plug. The sealing perfoomant the clay was studied using
water seepage from both the plugs. JNC also cwidbd with the Lawrence
Livermore National Laboratory on the near fieldfpanance assessmnt related to the
geologic disposal of radioactive wastes. This mtojeas initiated in 1999.

The Intraval Project

INTRAVAL project was started in Stockholm as anemmational effort toward
validation of geosphere models. The project WASidted by the Swedish Nuclear
Power Inspectorate (SKI) and was prepared by ahoadgroup with representatives
from eight national and international organizatiohise purpose of the project WAS to
increase the understanding of how various procemsgggeohydrological structures of
importance for the transport of radionuclides framepository to the biosphere cOUL
be properly described by mathematical models and hmdels developed for this
purpose cOUL adequately simulate the nuclide tramspuring short as well as very
long time periods.

c. Rock mechanical characterization

Survey on the characteristics of rock under low higth temperatures was undertaken.
Particle motion induced by elastic waves radiatfrmm subsurface, penny-shaped
cracks and mapping of subsurface cracks were &lsted. A Diffusivity Data Base
(DDB) for major rocks was developed in Japan. lis thatabase, 3 kinds of diffusion
coefficients: effective diffusion coefficient (Dgpparent diffusion coefficient (Da) and
free water diffusion coefficient (Do) were treatdflock was categorized into four
kinds; acid crystalline rock, alkaline crystallingock, sedimentary rock
(argillaceous/tuffaceous rock) and sedimentary (@slammitic rock/sandy stone) from
the viewpoint of geology and mass transport.
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d. Sorption, migration and groundwater chemistry

Studies on the behaviour of radionuclides in ars#td sandy layer were undertaken.
The effect of pH on the transportation of long-tivadionuclides through a quartz sand
column was studied. The movement of radionuclitesugh a sandy layer was also
studied by mainly using the miscible displacemesthhique. Other radionuclide
migration studies include: numerical model of radidide migration in geologic
media; radionuclide transfer in underground meehaluation method on ion exchange
of radionuclides; migration of radionuclide througo-layered geologic media;
adsorption kinetics of strontium and cesium cat@n rock materials. intraparticle
diffusion kinetics; effect of mineralization reamti on the radionuclide transport
through geologic media; nuclide sorption on graniteee-dimensional groundwater
flow and advection diffusion code for treating dgchain of radioactive materials by
finite element method; fracture system of granitetree Tono Mine; evaluation of
fracture characteristics at AN-1 (0-270 m) by batehelevision system; Application of
groundwater flow meter with single well to grounderaflow survey in fractured rock;
study on radionuclide migration through a buffertenal of the repository for high
level nuclear waste; sensitivity analysis of radidide transport model using the
Differential Algebra method; diffusion of tH&’Am -> ?*Np decay chain limited by
their elemental solubilities in the artificial biems of high-level radioactive waste
repositories; sorption mechanism of Pu, Am and i$saglium-bentonite; a new three-
dimensional groundwater flow analysis system apglythe element-free Galerkin
method; experimental studies for sorption behawiotin on bentonite and rocks and
diffusion behavior of tin in compacted bentoniteiatitative Assessment Radionuclide
Migration Experimental Facility (QUALITY) was constted, to investigate
radionuclide migration behaviour under an aeroliedition. It became operational in
1999. This facility contains atmosphere controligolve boxes to obtain basic data on
radionuclide migration in engineered barrier maierand rocks on a laboratory scale.

e. Engineered Barrier Systems (EBS)

A sensitivity analysis was performed for asses#hiegeffects of barriers, such as waste
form, engineered barrier and geosphere, on thatieal system performance of the
geologic disposal of high level wastes. Other istsidocused on: preliminary analysis
of engineered barrieer performances in geologidapasal of high level waste;
simulation of chemical reactions of released neditfom high-level radioactive waste
in engineered barrier; study on mechanical stgbdit engineered barrier system for
deep geological isolation of high-level radioactiveaste; Neptunium migration
involving oxidation-reduction reactions in engiregrbarriers; studies on material
properties and structural mechanics of engineeradidos for HLW geological
isolation; verification of the safety analysis ceder geological disposal of high-level
radioactive wastes; adsorption and diffusion expents were conducted using Np-237
and Japanese bentonite (Kunigel V1) as buffer nadtefr high-level radioactive wastes
disposal system in order to verify the chemicahsport model code GESPER; safety
analysis of engineered barrier in geologic dispasfalhigh-level waste; study on
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vibration behaviours of engineered barrier systdmnsfabricated EBS modules (PEMS)
to minimise the problems involved with handling quauted bentonite and ensuring
that it was emplaced to established quality lewskss investigated in various national
programmemes, for the disposal of both HLW and SF.

f. Backfill, Buffers and Cement

Backfill-waste interaction studies in repositorynsiating conditions were examined.
Glass ceramic, supercalcine ceramic, sintered deranvaste forms and their
interactions with backfill were examined. Propestief bentonite clay and its
performance assessment as buffer material in leighl-Wwaste geological disposal was
studied. Various tests on buffer materials werefopered; such as static and
permeability sorption test; experiments on therowiductivity; analysis of backfill
performance of engineered barrier from view poinhaclide migration; evaluation of
plutonium migration in artificial barrier (compadtdentonite) using leaching data of
fully radioactive waste glass; comparison with l@ag model and limited solubility
model; permeation characteristics of compacteddmtet diffusive behavior of water
in compacted bentonite; performance test of wast&gge system with buffer material;
Mechanical, thermophysical and hydraulic and swgllproperties of buffer materials
for repositories of high-level nuclear waste; stisdof waste form and buffer material
performance at the Japan Atomic Energy Researchituties and analysis on
thermodynamics processes of buffer material in Hi&&p geological repository. Study
on the applicability of clay as backfill material high level radioactive waste disposal
was also conducted. A new manufacturing technafusynthetic buffer materials was
developed. Another interesting study focused oreffexts of bacteria on the corrosion
behavior of carbon steel in compacted bentonitepdys of the evaluation of corrosion
life of carbon steel overpack, experimental studiese performed on the effects of
bacteria on the corrosion behaviour of carbon steebmpacted bentonite using iron
bacteria (IB) as representative oxidizing bactand sulphur reducing bacteria (SRB)
as representative reducing bacteria.

China

China has proposed a preliminary R and D prograrfomthe deep geological disposal
of high-level waste. The development strategy ighHevel waste repository includes
3 stages: siting and site characterization, undergt research laboratory for a site-
specific study and building a repository. It is egfed that a national geological
repository will be built and put into operation ohg 2030-2040. The deep geological
disposal method would be used. Analyses on theppodf underground disposal for
radioactive wastes from nuclear power plants im@&land on the selection of geologic
medium were initiated in 1984. The proposed sitetlie repository is the Beishan area
in northwestern China.Other studies include: sorptf >*'Np, >**Pu and®’Am on
bentonites and minerals; use of inorganic sorbastsackfill material for underground
repositories; pre-selection of geological dispasalervoir sites of high-level waste in
northern Sichuan-southern Shaanxi regions; studthermechanic properties of high
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dense bentonite buffer materials for disposal ghHevel radioactive waste; selection
of backfill materials for the disposal of high lévadioactive waste; modeling of water-
glass and water-granite interaction.

Indonesia

A 1-D model for assessment of radionuclides migratin geological media for
evaluating of safety performance of disposal of HW&s developed in Indonesia. A
new strategy to dispose of high-level radioactiast®, was the use of an ocean-island
approach. Indonesia which has more than 17000ds|acould dispose its proposed
HLW in one of its remote islands.

Korea

The Korea Atomic Energy Research Institute (KAER4s developed the preliminary
disposal concept for high level wastes and subseqtmal system performance
assessment tools. To test the lithological suitgbfbr HLW repository in Korea
regional geologic conditions of Korea were studigthvemphasis on rock mass and
fracture system as a part of the research prografomeigh level radioactive waste
disposal. With regard to the safety assessmentep deological HLW repository, there
could be several parameters of uncertainty. Ditufector is considered as one of the
parameters that has a large uncertainty. Undeagseemption that PWR spent fuels are
disposed of into deep geological repository, uraety analysis on dilution factor was
performed.Another waste disposal concept, adaptog and pillar method, (which is
a confirmed technique in mining and tunnel consiong was experimented in Korea.
Important rock mechanics principals and in situ &fgbratory tests for understanding
the behavior of rock, buffer, and backfill as wa#l their interactions were reviewed.
The Korea Underground Research Facility (KURF) lsoaunder construction at
KAERYI, for in situ studies related to the validatiof a HLW disposal system. For the
safe construction and long-term researches at Kuiehanical stability of the facility
needs to be evaluated. A 3D mechanical stabilitglysis using the rock mass
properties determined from various in situ as \@sllaboratory tests was carried out.

D. Waste Packaging Materials
Japan

Japan has conducted extensive studies on the desafgty analyses and tests of
packagings for HLW and spent fuel transport/stora@eerpacks for high-level

radioactive waste disposal in deep undergroundsareast prevent ground water
contact with vitrified waste. To integrate the daifity of overpack, corrosion-

resistance, pressure-resistance, water tightneisstightness and manufacturing
properties need to be considered. Several matewal® investigated, to develop
overpacks. A conceptual design and fabrication @dllascale ceramic overpack was
undertaken; static fatigue behavior of ceramic nelteas candidate overpack materials
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was examined. A modeling study of general corrosaincopper overpack for
geological isolation of high-level radioactive wastind an assessment of corrosion life
of copper overpack were also performed. Other etudn overpacks include; use of Ti-
alloys selections for titanium-complex overpack dghson corrosion resistance;
corrosion resistance of titanium alloy on the oaefpfor high-level radioactive waste
disposal; conceptual design of overpack and exmariah manufacture of titanium-
carbon steel composite overpacks for geologicapatial of high-level radioactive
waste; trial manufacturing of copper-carbon steehgosite overpack. Kobe Steel, Ltd.
of Japan developed shielding materials of the 'Bbbseries, applicable for advanced
transport packaging.

Silicon rubber base type 'kobesh SR-TO1' is a naktar which, from among the
silicone rubber based neutron shielding matertals,hydrogen content is highest and
the boron content is most optimized. Experimenésults showed that the silicone
rubber based neutron shielding material has goattore shielding capability and high
long-term fire resistance, and that it can be apllo the advanced transport packaging.
For the final sealing technique of the overpackboa steel, one of the candidate
materials for the disposal container in the geaalgdisposal of high-level radioactive
waste in Japan was used. Welding tests were ctetlusing TIG (GTAW), a typical
arc welding process and electron beam welding (EBA)igh-energy beam welding
process.

Conclusion

Japan’s supremacy in R&D on HLW management candoger from the fact, that a
total of 99 patents were filed between 1978 and919he earliest patent (1978)
detailed a method for processing high level radigadiquid wastes containing sodium
nitrate. Several others were on methods for pratgsseating, storing and solidifying
HLLWSs. In the 1980s, in the area of waste glases following patents were filed;
methods were described for solidifying radioactivaste glass, using a cartridge;
method of manufacturing borosilicate glass soldifion products; process for
producing sintered solidification product contagircesium and/or strontium as
radioactive isotopes and method of using the sdtesolidification product as large
scaled RI cell by fabrication of the same. In theaaof separation processes: method of
recovering Ruthenium and a Ruthenium separatioricdefrom radioactive waste;
method of cleaning volatile ruthenium; Technetileoavering method and device and a
processing method of high level radioactive sotutio

Other patents included: waste storage and matdoalsaste storage: dry-type storage
facility for radioactive material; radioactive megg dry storage facility and processing
method for molten salt waste. India, particularhe tinstitutions under DAE have
established themselves in the field of process d@temand waste reprocessing. China
is the fastest developing country in the area aflear energy. In fact, the maximum
number of new nuclear reactors would be commissioneAsia in the next two
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decades. All the Asian countries could cooperatedifferent core areas of their
expertise, to make nuclear energy a more viabéeradtive.
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Abstract

lonizing radiation (IR) induces several isolated and clustered DNA lesions in human
cells at high dose exposures. These damages, if mis-repaired or unrepaired may affect
the integrity of the genome. Depending upon the type of lesions, various DNA repair
pathways gets activated to repair the damages. For instance, single strand breaks
(SBs) and base damages are repaired by base excision repair (BER) or nucleotide
excision repair pathway (NER), whereas complex lesions such as DNA double strand
breaks (DSBs) are repaired through non-homologous end joining or homologous
recombination pathway. DNA DSBs are highly deleterious and but base damages and
single strand breaks cannot be underestimated as they are associated with many types
of cancers and neurological disorders. In the present study, attempt has been made to
study the role of BER genes and proteins in radio-adaptive response, if any, in resting
human peripheral blood mononuclear cells (PBMCs). Venous blood samples were
collected from twenty random healthy individuals with written informed consent. Dose
response, time dependent changes and radio-adaptive response at the level of DNA
damage, transcription and protein expression were studied in PBMCs exposed to
gamma radiation. Dose response study was carried out in PBMCs exposed between 0.1
Gyto2.0Gyat 0 and 4 h post irradiation. Post irradiation changes in PBMCs exposed
to 1.0 Gy and 2.0 Gy were studied up to 240 min. Radio-adaptive response was studied
in PBMCs exposed to a priming dose of 0.1 Gy followed by a challenging dose of 2.0
Gy after 4 h post irradiation. Our results have shown a significant (p<0.05) dose
dependent increase in the percentage of DNA in tail (%T) in PBMCs of 20 individuals
studied. At transcriptional level, LIGASE3, MBD4 and LIGASEL showed significant up
regulation (p<0.05) at 4 h post irradiation. Radio-adaptive response study showed
significant reduction in percentage of DNA in tail. Both at transcript and protein level
APEl, FEN1, LIGASEl, OGG1l showed significant up-regulation (p<0.05). In
conclusion, BER genes and proteins have shown involvement in radio-adaptive
response which has important biological significance in human.
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Introduction

Humans are continuously exposed to both naturalmaad-made sources of ionizing
radiation (IR) in their daily life, which includeatural background, occupational,
medical and radio-therapeutic doses of radiatibis Wwidely accepted that IR at high
doses is detrimental to human health. Howeveretfezt of low and moderate doses of
IR is inconsistent and inconclusive. In recent gearnumber of epidemiological studies
are conducted in human population to delineateeffext of low doses of IR (1-3). At
the same time, efforts have been made worldwidgeterate radiobiological data on in
human cells, tissues and organisms exposed tonlRddlition, it is also important to
understand the biological mechanisms occurring umdn cells exposed to low to
moderate doses of IR. The Linear No Threshold (LNypothesis is well debated as
the data for low-dose exposures were extrapolated high acute-dose exposures. The
mechanism of carcinogenesis at low-dose radiatispogures is not yet clearly
understood. Hence, it is essential to conduct desgonse and radio adaptive response
(RAR) studies in human cells to understand theogichl mechanisms including
various pathways of DNA repair involved in the natetion of IR (4). RAR is a
phenomenon where a small dose (priming) of radhatemluces the response/effect to a
subsequent larger (challenging) dose (5-8). Issmimed that RAR may be either due to
enhanced repair of DNA damage or protection agdivestadverse effects induced by
high challenging doses (9). Thus it is importantutaderstand the repair of DNA
damages produced by IR at low to moderate dosegmgdsure in human celex vivo.
Low linear energy transfer (LET) radiation suchgasnma radiation deposits ~70% of
the energy that induces isolated lesions, whichtadthe oxidative burden of the cell
(20). IR induces isolated DNA lesions, DNA protaross links and clustered DNA
damages that include bi-stranded clusters sucloasletstrand breaks (DSBs) or non-
DSB-clustered damage. In mammalian cells, gammaatrad induces around 850
pyrimidine lesions, 450 purine lesions, 1000 singfland breaks (SSBs) and 20-40
DSBs/cell/Gy (10-11). However, the efficient DNAper machinery in human
constantly repairs various DNA lesions through hemical and molecular pathways to
maintain the genome integrity (12). If the damagess unrepaired or mis-repaired, it
may lead to alteration in transcription and protexpression profile and activation of
cell cycle check points. It may also lead to celatth (apoptosis) and mutagenesis (13-
15).

A typical therapeutic dose of around 2.0 Gy/frattiof gamma radiation produces
~3000 DNA lesions per cell exposed, a level of dgarfar lower than the level of up to
50000 lesions produced daily through reactive oryggecies (ROS). It is known that
DNA DSBs are highly deleterious and at the same tithe cytotoxic and mutagenic
nature of SSBs, oxidised bases and abasic sitethe underestimated as they have
been associated with many cancers, neurodegererdisorders and age-related
diseases (16-17). BER pathway plays an importaté no the removal of these
damages, which are formed either spontaneouslyyochemical reactions or ROS
generation. It maintains the genomic integrity @nelvents mutations associated with a
common product of oxidative damage to DNA (18-19).
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BER pathway involves various steps for damage remavhich includes excising the
damaged moiety, incision of the abasic site, reptpthe excised nucleotide and sealing
the nicks as shown iiilgure 1.

Radiation induced single strand brealks, base
loss, base damages

i

L |

Base Excision

Repair

Short Patch BER Long Patch BER

<>

Bifunciional slycosylase

OGoG1
INTHI1
NEIL1

Lesion recognition, removal of base and

strand excision

AP-endonuclease

lAPm

Abasic site generated

-

Polyvmerization

LIGASES3

Ligation

Nlonofunciional slycosylase

DIUTTYH
DIBD4

T esion recognition and removal of base

AP -endonuclease

lAm

Abasic site generated and strand scission

@

Polymerization

1

Gap Filling and sirand displacement

PO A
FEMN1

PARFP1
POTIA

Displaced strand removal

1

PCTN A
ILIGASE]L
Ligation

It is initiated by DNA glycosylases that are eitmeono-functional or bi-functional in
nature based on their catalytic mechanism andtabibi execute AP lyase strand
cleavage activity (20-21). Mono-functional glycassgs (MBD4, MUTYH, etc.)
generate abasic sites, wherein the bi-functiongcagylases (OGG1l, NTH1 and
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NEIL1) exhibit base excision activity and harbobe tcapacity to incise at the abasic
site to create a SSB (22-23). AP sites are funtiecessed by APE1 (24-25). BER is
operated through two different sub-pathways (shad long patch) depending on the
type of damage. The genes involved in short-patER Bpathway are XRCC1 (X-ray
cross-complementing factor 1) and DNA LIGASE3, wdax in long-patch BER
pathway, PCNA (proliferating cell nuclear antigeREN1 (Flap endonuclease 1) and
DNA LIGASE 1 are involved (26-27). In addition, tieeare other factors such as poly
(ADP-ribose) polymerase 1 (PARP1) that is knowmepair single-strand DNA nicks
and even involved in recruiting other BER protednso the damaged site (28).

However, the determining factor for the activatiohboth the sub-pathways is not
known yet. It is also not clear whether both thie-pathways work simultaneously or in
an independent manner.There is sufficient evideiheg the effect of radiation is
gualitatively and quantitatively different at low inoderate doses as compared to high-
dose exposures. The dose, dose rate and time pgerta@en priming and challenging
dose are crucial for a cell to induce RAR. Besitliese factors, humans also display a
high degree of inter-individual variation that mplay an important role in radio-
adaptive response as it is dependent on the radmitvity of an individual.
Considering all these factors, induction of regawcesses and protection of radiation-
induced damage by the RAR in human cells are vemnyptex.

RAR have been demonstrated vitro andin vivo using various end points such as
cellular damage, cell lethality, chromosomal ali&rs, mutation induction, radio-
sensitivity and DNA repair. It is not yet clearvelhat relevant dose and dose rate RAR
is functional in humans. Olivieret al. (29), have shown a reduced frequency of
chromosome aberrations in peripheral blood lymptescygultured in the presence of
[3H] thymidine followed by X-ray exposure. Thereatudies showing the involvement
of DNA repair mechanisms such as nucleotide extisiepair (NER) and non-
homologous end joining (NHEJ) in mammalian cells it DNA repair genes/enzymes
have been directly implicated to this response 330D-Our group has demonstrated
active involvement of NHEJ and BER genes and pmst&i repairing radiation-induced
damage in GO/G1 stage of human peripheral bloodomaziear cells (PBMC) up to 4 h
(30, 33-34). RAR has been demonstrated when bahctmditioning and challenge
doses are applied at late stages (S/G2 phasd® oétl cycle. Human PBMC are in the
resting stage (GO/G1) of the cell cycle and aresitared to be highly sensitive and
thus an ideal choice to stuéy vivo exposure. In the present study, an attempt has been
made to find out the involvement, if any, of BERhge and proteins in RAR, in resting
human PBMC exposed to gamma radiation.

Materials and methods
Sample collection and I rradiation

Venus blood samples were collected from twenty oamd normal and healthy
individuals (Age range: 25 to 40 years) in EDTA w@oning vacutainers with written
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informed consent which was approved by Medicalcet@mmittee, BARC, Mumbai.
All the individuals included in this study are nemokers and having no chronic illness.
Approximately, 12.0 ml of venous blood was collecteom each individual, PBMCs
were isolated through density gradient centrifugaand divided into different aliquots
(~ 1 X 10 cells/ml) for further experiments. PBMCs were usgended in RPMI-1640
medium (Hi-Media Pvt. Ltd., Mumbai) containing 1(f@al bovine serum (FBS), 2.0
mM L-glutamine and mixture of antibiotics. Theseravexposed to different doses of
gamma irradiation (0.1, 0.3, 0.6, 1.0 and 2.0 Gsipg°°CO source (Bhabhatron II,
Panacea Medical Technologies, Banglore, India).

Dose response study

PBMCs were irradiated at different doses of radratbetween 0.1 to 2.0 Gy. DNA
damage was quantified immediately after irradiatiéor gene expression analysis, one
set was processed immediately after irradiatiom)(@nd the other set was processed
after 4 h of incubation at 37°C.

Repair kineticsor post irradiation experiments

PBMCs were irradiated at 1.0 Gy and 2.0 Gy andbated at different time intervals
up to 240 min. Aliquots of PBMCs were collectedvatious time intervals of post
irradiation for gene and protein expression studies

Radio-adaptive response study

PBMCs were irradiated at a priming dose of 0.1 Glioved by a challenging dose of
2.0 Gy after an incubation of 4 h at 37°C (primetls). Along with this, aliquots for

priming dose and challenging dose alone (non-pricets) were also collected. Un-
irradiated PBMCs were simultaneously processed @taol along with the irradiated
samples for all the above experiments.

DNA damage measurement using comet assay

DNA damage and its repair kinetics were studiedrediated PBMCs using alkaline

single cell gel electrophoresis (comet assay) ashgeprotocols described by Singh et
al., 1998 (35). SYBR Green | stained slides in ohapés were analysed in fluorescent
microscope. About 100 cells (50 cells from eacleyliwere randomly selected and
quantified with the TriTek Comet Score FreeWHkeersion 1.5 and DNA damage in

terms of percentage of DNA in tail (%T) was calteth

Gene expression analysis
Total RNA was extracted from irradiated PBMCs arasweverse transcribed to cDNA.

Analysis of gene expression pattern of the BER gdgshort patch @GG1, NTH1,
NEIL1, XRCC1, and LIGASE3), regulatory APE1, PARP1) and long patchMUTYH,

308




BARC NEWSLETTER
FOUNDER’S DAY SPECIAL ISSUE 2015

MBD4, PCNA, FEN1 anc LIGASE1)] was carried out using real time quantita-
polymerase chain reacti (RT gPCR). Melting curve analysis was also done to e
the specific amplified product of intere

Protein expression analysis

BER protein expression was studied using Westeyh Nluclear extracts were obtain
from control and irradiated PBMCat 30 min post irradiationElectrophoresis we
carried out using 100ug of protein per sample orS-polyacrylamide gels usin
specific antibodieg3-actin was used as a loading con

Statistical analysis

The level of significance was set a<0.05 for all statistical analysisRegression
analysis was performed in order to see the coroeldietween irradiated and cont
samples for DNA damagePaired‘t’ test was performed to find out the signifid

difference between irradiated and -irradiated samples for DNA damage, gt
expression and protein expression anal

Results

DNA damage, repair kinetics, gene and protein esgpom profile were studied
gamma irradiated PBMCs of twenty individuals atfetiént doses up to 2.0 Gy.
addition, adaptive response study was done in PBMiCtese individuals with
priming dose of 0.1 Gy followed by a challengingéd®f 2.CGy with incubation of 4l

Dose response study at the level of DNA damage, transcription and protein
expression

Quantitation of DNA damage in terms of percentageDdfA in tail (%T) was done
using alkaline comet assay at various doses (03, @6, 1.0, 2.0 Gy) of gamn
radiation along with unrradiated controas shown in figure 2.
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Fig. 2: Doseresponsestudy in PBM Cs of twenty individuals using alkaline comet assay. M ean
per centage of DNA damagein tail (% T) in PBM Csexposed to different doses of radiation (0.1,
0.3, 0.6, 1.0 and 2.0 Gy).
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Our results have shown a significantQ05) dose dependent increase in the percentage
of DNA in tail (R = 0.971) from 0.3 Gy to 2.0 Gy. No significant eifénce was
observed in mean percentage of DNA damage in%all) (at 0.1 Gy as compared to un-
irradiated control. Approximately, 11.0 % of DNA ftail was observed at the highest
dose (2.0 Gy) studiedDose response of BER genes was analysed in PBM&sead

to different doses between 0.1 to 2.0 Gy at 0 h&dnmgost irradiation (figure 3).
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Fig. 3 Averaze mlative zene expressionof BER genes m PEM Cs of terenty mdividuak exposed © diffemnt
doses (0.1, 03, 08, 1 0and 2.0 Gylof mdiation at Oh and 4 hinpost inad iation. (Fp=005)

The relative expression of genes involved in shmatch OGG1, NTH1, NEILL,
XRCC1, LIGASE3), regulatory APE1, PARP1l) and long patch MUTYH, MBDA4,
PCNA, FEN1 andLIGASEL) were analysed with respect to beta actin. Shaidipgenes
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such a®0GG1, XRCC1, NEIL1 and regulatory gen8PE1 did not show any significant
up regulation at the level of transcription 4 h tpwsadiation. NTH1 and LIGASE3
showed a significant increase (p<0.05) in expressib lower doses up to 0.6 Gy.
PARP1 showed significant increase in expression at 4 $t poadiation at 1.0 Gy.
MBD4 showed significant dose dependent increase inesgmmn whereakl GASEL
showed a significant increase in expression af@y at 4 h post irradiation.

Dose response study of BER proteins in PBMCs exptsearious doses between 0.1
Gy to 2.0 Gy showed short patch BER proteins sscKRCC1, OGG1 and LIGASE3
were significantly up regulated upto 0.6 Gy (figute APE1 showed dose dependent
increase in protein expression, whereas PARP1 ghaveeeased expression at 0.6 Gy
(1.4 fold) and 1.0 Gy (1.8 fold) as compared totoan Similarly, long patch BER
proteins such as MUTYH showed no change in progdpression as compared to
control, whereas MBD4 showed ~ 2.7 fold increasgaression up to 2.0 Gy. PCNA
showed a marginal change in protein expression edseFEN1 protein was up
regulated from 0.3 Gy to 2.0 Gy (ranging from o311 fold). LIGASE1 showed dose
dependent increase in protein expression with amar of ~2.0 fold increase at 2.0

Gy as compared to control.

F Dose (Gy) ﬁ
0 01 03 06 10 20
0GG1
NTH1
HEIF; Short Patch BER
proteins
XRCC1
LIGASE3
e RegulatorBER
PARP1 proteins
B-actin
MUTYH
MBD4
PCHA | Long pa_tch BER
proteins
FEN1
LIGASE1
B- actin

Fig. 4: A representativeimage of Western blot of an individual showing expression profile of BER
proteinsin PBM Cs exposed to different doses of radiation (0.1, 0.3, 0.6, 1.0 and 2.0 Gy) along with

theunirradiated control
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Repair kinetics and post irradiation changes at transcript and protein expression

level:
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Fig.5: Repair kinetics of DNA strand breaksin PBM Cs of twenty individuals at different post-
irradiation timeintervals (0 min, 5 min, 15 min, 30 min, 60 min, 90 min, 120 min, 180 min and 240
min) for 1.0 Gy and 2.0 Gy along with control using alkaline comet assay

Repair kinetics was studied at 1.0 Gy and 2.0 Gya@lwith un-irradiated control at
different time intervals up to 240 min in irradidt®BMCs for 20 individuals using
alkaline comet assay as shown in figure 5.
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Fig. 5: Mean percentage of DNA in tail (% T) in PBM Cs exposed to a priming dose of 0.1 Gy
followed by a challenging dose of 2.0 Gy after 4 h post irradiation.

At 1.0 Gy, the mean percentage of DNA in tail wgspraximately 7.5% and
approximately, 50% of DNA in tail was repaired & @in. At 2.0 Gy, percentage of
DNA in the tail was approximately 11%, whereas agpnately 50% of DNA in tail
was repaired at 60 min. The residual damage atthetkloses after 240 min was in the
range of ~10-30 %.Transcription profile of BER gemeas studied in PBMCs exposed
to 1.0 Gy and 2.0 Gy at different time intervalstaf240 min for 20 individuals. Short
patch BER genes such &GG1, NTH1, NEIL1 and XRCC1 showed no change in
expression with post irradiation time points whereblGASE3 showed an increase in
expression at 1.0 Gy and 2.0 Gy up to 240 min. Régry BER genes such d9E1
and PARP1 showed no change in expression with time. Similaldypg patch genes
such asPCNA, MUTYH and FEN1 showed no significant change in expression up to
240 min at both the doses. At 1.0 Gy and 2.0 ®@BD4 and LIGASEL showed a
significant increase g.05) in expression up to 240 min.

Protein expression profile was studied for BER @iret at 1.0 Gy and 2.0 Gy with

various time intervals up to 240 min. At 1.0 Gy, GGshowed an increase in protein
expression upto 60 min. XRCC1 showed increasedessmn only at 240 min for 1.0

Gy and 2.0 Gy (~2.7 fold). At 1.0 Gy, LIGASE3 shevno change in protein

expression, while increase in expression upto 2#0was observed at 2.0 Gy (2.0 to
2.5 fold). APE1 showed increased expression witiet{(2.3 to 3.0 fold at 1.0 Gy and
2.0 Gy), whereas PARP1 showed an increase in pretgression upto 60 min at 1.0
Gy and 2.0 Gy. However, MUTYH showed no changexpression both at 1.0 and 2.0
Gy. At 1.0 Gy, MBD4 and LIGASE1 showed an increasgg@ression upto 60 min,

whereas PCNA and FEN1 showed increased proteiressgion at 120 min and 240
min. At 2.0 Gy, MBD4, PCNA and FEN1 showed no chaig expression, whereas
LIGASE1 showed an increase in expression upto 240 m
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Radio-adaptive response study at the level of DNA damage, transcript and protein
expression

Adaptive response study was carried out in PBMCdwanty individuals and end
points such as DNA damage, gene and protein expressre studied. DNA damage
guantitation in terms of DNA damage in tail (%T)smearried out in PBMCs exposed
to a priming dose of 0.1 Gy followed by challengaase of 2.0 Gy after 4h (Figure 5).

A significant reduction (0.05) was observed in % T among the individualslistli
The mean %T was 11.07 % at 2.0 Gy, which was retlute 9.42 % in samples
receiving a priming dose of 0.1 Gy followed by al#nging dose of 2.0 Gy after 4 h.
Further stratification of samples into two groups/aaled that twelve individuals
(Group 1) were showing a significant reduction {@.05) in the mean %T. Among
these individuals the mean %T was 10.78 % at 2,0nBich was reduced to 8.39 % in
primed cells. However, eight individuals (Groupshowed marginal reduction in mean
%T. Among these individuals, the mean %T was 1%4& 2.0 Gy, which was reduced
to to 10.97 % in primed cells.
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Fig. § Transcrption profile of BER genesin Group I (N=12) and Group II (I¥=82) individuals in
prmed and non-primed PEMCs.

The relative expression of twelve BER genes wae atsdied in both the groups
(Group | and Group Il) as shown in figure@roup | individuals revealed th@GG1,

XRCC1, LIGASE3, APELl, FEN1 and LIGASE1l showed a significant increase in
expression in primed cells as compared to 0.1 Gy.06r Gy (non-primed) alone.
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However, no significant increase was observedNBrL1, NTH1, PARP1, MUTYH,
MBD4 andPCNA in primed and non-primed cellaAPE1, FEN1 andLIGASE1 showed
significant increase in expression in primed cabscompared to 0.1 Gy and 2.0 Gy
(non-primed) in both the groups. In Group I, thetpin expression profile of OGG1,
XRCC1, APE1 and LIGASE3 was significantly<(a05) increased in primed cells as
compared to control (un-irradiated), 0.1 Gy and-pdmed cells. Similarly, long patch
BER protein such as MBD4, FEN1 and LIGASE1 showesignificant increase in
protein expression in primed cells as compared.io@y, 2.0 Gy (hon-primed cells)
and un-irradiated control. However, no change wign expression was observed for
NTH1, NEIL1, PARP1, MUTYH and PCNA in this groum Group Il, OGG1, APEL1,
MBD4, FEN1 and LIGASE1lshowed significantly increag@<0.05) upregulation in
primed cells as compared to 0.1 Gy, 2.0 Gy (nomed cells) and un-irradiated
control. No significant change was observed fortggns such as NTH1, NEIL1,
XRCC1, LIGASE3, PARP1, MUTYH and PCNA in primed lsehs compared to 0.1
Gy, 2.0 Gy (non-primed cells) and un-irradiated tooln Interestingly, LIGASE3
showed significant  0.05) reduction in expression in primed cells @asgared to 0.1
Gy, 2.0 Gy (non-primed cells) and un-irradiatedtoalin The protein expression profile
at 2.0 Gy was observed to be significantly incrddse MBD4 and FEN1 as compared
to 0.1 Gy and 2.0 Gy. In summary, the protein esgitn profile of OGG1, APEL,
MBD4, FEN1 and LIGASE1 showed significantly incredsexpression in primed cells
in both the group of individuals (Group | and Grdygfigure 7).
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Fig.7: Representative Western blot images showing expression profile of BER proteinsin PBMCs
irradiated at various doses (0.1, 0.3, 0.6, 1.0 and 2.0 Gy) along with control in Group | and Group 11

individuals
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Discussion

Understanding the DNA repair mechanisms at lowraoderate doses of IR exposures
has immense implications to human health. RAR maaistthe genetic integrity by
protecting the cells from adverse effects of radmtexposure. However this
phenomenon is highly variable depending upon tie titype of tissue or cells and the
amount of exposure. RAR studies have been condutteelveral biological systens
vitro and vary with the stage of the cell cycle at which cells are irradiated. RAR is
not instantaneous after a low dose exposure bulire=gabout 4—6 h to develop full
activity against a challenging dose exposure. Cerigyl of RAR in eukaryotic cells
depends on time schedule, dose, cell type, expetaheondition, priming dose, cell
cycle, physiological status of the donor and intatividual variation. One of the
observations in RAR is individual variation towardadio-sensitivity. Induction of
DNA repair resulting in an adaptive response iy mible through a narrow window
of dose. There is lack of information in human PBM@&t GO/G1 regarding the
involvement of specific genes and proteins in RA&Rhough the role of non-
homologous end joining (NHEJ) and Nucleotide ExeisRepair (NER) pathway has
been reported (30-32).In present study, we haverebd a dose dependent increase in
percentage of DNA in tail (%T) between 0.3 to 2 Bepair kinetics study at 1.0 Gy
and 2.0 Gy clearly indicated both fast and slowaneginetics of DNA strand breaks
and revealed that approximately 50 % of damaged DA repaired at 30 min and 60
min for 1.0 Gy and 2.0 Gy respectively. Inter-indival variation was observed with no
distinct pattern.

IR induced DNA Damage Response (DDR) also leadtevation of gene expression
profile in human cells (34,36). Our results showddse and time dependent
transcriptional changes of BER genes suchlBB4, LIGASEL andLIGASE3. MBD4 is
involved in DNA demethylation, wherein the degrdadiferential methylation varies
with radiation dose and time. Significant up retjola of MBD4 at the level of
transcription and protein expression with radiatwse and time points studied is
supportive of the above facts. Similarly, signifitaip regulation olLIGASE1 (long
patch BER) andLIGASE3 (short patch BER) with respect to dose and timetgoi
studied indicated both short and long patch BERways are active in resting PBMCs
exposed to gamma radiation.

PCNA and MUTYH did not show any change in exprassab transcript and protein
level across all the doses studied. However, régyl8ER proteins such as APE1 and
PARP1 showed significantly increased expressiofilprop to 4 h indicating their role
in activating SSBs repair and recognition of BERnponents. Interestingly, we have
observed that short patch BER proteins such OGARC&L and LIGASE3 showed
significant up regulation at lower doses up to G¥§ while long patch BER proteins
such as MBD4, FEN1 and LIGASE1 were significantly negulated at higher doses
studied £ 1.0 Gy). The possible explanation could be loweuction of DNA damage
favours short patch BER pathway to be more actige camplex lesions are
comparatively less at low doses exposuref.6 Gy. At the same time, increased
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expression of long patch BER protein at dosk® Gy, perhaps indicating that lesions
are more complex thus activating induction of iased fold of expression of long
patch BER proteins.

Adaptive response study was carried out in redtingan PBMCs exposed to gamma
radiation at a priming dose of 0.1 Gy followed Ihyalklenging dose of 2.0 Gy at 4h post
irradiation and different endpoints such as DNA dgs) the expression of BER genes
and proteins were studied. Interestingly, variatiorDNA damage among the twenty
individuals was observed. Individuals belongingaimup | (N=12) showed significant
reduction of DNA damage (%T) whereas individualdobging to Group Il (N=8)
showed marginal reduction in DNA damage (%T) thoanghsignificant. At transcript
level, Group | individuals showed significant umguéation of short patch BER genes
(XRCC1 andLIGASE3) in primed cells, whereas no significant change wlzserved in
Group Il individuals. This is a major differencetween Group | and Group Il
individuals at transcript level. At transcript lévieng patch BER genes have not shown
distinct differences between the two groups. Atigirolevel, short patch BER proteins
(OGG1, XRCC1 and LIGASE3) and regulatory proteirPEL) showed significantly
increased protein expression in primed cells ofugrbindividuals. Among Group Il
individuals, only APE1 showed increased proteinregpion profile.Another interesting
observation at protein level is that short patcpane proteins showing significant
adaptive response among Group | individuals. Atghme time, Group Il individuals
showed increased expression of most of the longhpatpair proteins including
LIGASEL1, suggesting the role of long patch repaat@ns in RAR observed in Group
Il individuals.

Conclusion

In conclusion, the present study demonstrated ectie of BER genes and proteins in
radio-adaptive response in human PBMCs @G6& The dose at which short-patch and
long-patch repair pathway gets activated is an mapo finding in this study which
needs to be further investigated in cellular extramnd stimulated lymphocytes. It
would be very interesting to extend further reskeavith chronic doses of radiation. The
extent of RAR in humans not only depends on doselase rate but even on the
heterogeneity among the individuals exhibiting tlhesponse, which remains still
unresolved. A deeper understanding of the radiptadgaresponse and the interplay of
all the repair pathways such as BER, NHEJ and NE#Reeded before estimating risk of
low dose of IR for humans.
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Abstract

Deinococcus radiodurans is a multipartite genome containing bacteria known for its extreme tolerance
to DNA damaging agents. This bacterium when exposed to such agents it undergoes a cell cycle arrest
during which it repairs its genome. The regulation of this arrest with respect to chromosome
segregation and cell division is worth investigating. We have been actively involved in understanding
the basic process of cell division and chromosome segregation and their role in bacterial response to
DNA damage. In this work, we characterized an actin-like genome partitioning protein encoded on
secondary chromosome Il (named it ParA2) for its role in cognate chromosome maintenance in D.
radiodurans. We observed that ParA2 in the absence or with lower stiochiometric ratio of its cognate
partner ParB2 play a regulatory role in cell division through a process very similar to nucleoid
occlusion. When ParB2 was provided in trans it presumably resumed its normal function and its
inhibition of cell division was not observed. These results suggest a conditional regulatory role of
ParA2 in cell divison depending upon its need in ParB2 mediated genome maintenance in D.
radiodurans.

Introduction

An accurate duplication and transmission of genefiermation is a fundamental attribute of
the life and that determines the successful intiecg of different phenotypes into daughter
cells. In bacteria, the genome partitioning ocaumesnly by pushing or pulling of duplicated
genome toward the cell poles [1]. This involvesséhcore components likiés-element that
functions like centormere in bacteria, a centront@neling protein and an actin homologue of
bacterial ATPaseDeinococcus radiodurans R1 is a Gram positive bacterium that shows
extraordinary tolerance to different DNA damagimggiats [2]. This bacterium also has peculiar
cytogenetic features. It has multipartite genomstesy comprise of chromosome | (Chrl),
chromosome 1l (Chrll) and plasmids [3]. Each ofstagenome elements is present in multiple
copies. Genome of this bacterium encodes putatard Bnd ParB types proteins located on
each of the four genome elements. T elements are not known in the genome of this
bacterium. Understanding the function of ‘Par’ pins would be a step forward in knowing
the mechanism(s) of chromosome segregation inb&dderium harboring complex genome.
Recently, chromosome | partitioning system has belesracterized [4] and cell division
proteins like FtsZ and FtsA have been characterinedivo and in vitro [5,6]. The work
received this award was on characterization of RaAd parB2 roles in chromosome I
partitioning during cell division.
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ParA2 is characterized as a DNA binding ATPase

Multiple sequence alignment of ParA2 with other Rfype proteins using CLUSTAL X
program showed that ParA2 contains the typical Aamd B components of Walker motifs that
are found in P-loop ATPases. Unusually, it was tbthrat ParA2 is missing one of the largely
conserved lysine at the beginning of the Walker dtimwhich was also conserved in ParA
encoded on chromosome | of D. radiodurans. Phyktgem@mnalysis indicated that ParA2 is
evolutionarily different from other chromosomal &ypParAs including ParAl ofD.
radiodurans and it was placed between chromosomal type Pandisodher small ATPases
involved in regulation of bacterial cell divisioRecombinant ParA2 was purified and its
identity was further confirmed by mass spectrometry

The purified ParA2 showed both DNA binding (Fiig) and ATPase activities (Fig.1b). The
DNA binding efficiency of ParA2 increased further the presence of ATP, and its ATPase
activity was stimulated with DNA. These results gesfed that ParA2 is evolutionarily
different from other bacterial ParAs and is a DNiAding ATPase.

- - E
ParA2 (uM) - 0.306091.2150306091.215 S 7ok
ATP(IMM) + - = = - -+ + + + 4+ >3 of
:é g’ 50k | ,
8T 4o
ikl 9 E o
o EE 20k | ]’%
< g 0kt
dsDNA » g 0_‘@5
£ Ee 8 ¢ 8
O' (=] o o o
A DNA bindingactivity assay B ParA2 concentration (uM)

Fig. 1. ParA2 activity characterization. Purified recombinant ParA2 was checked for DNA binding activy
(A) in the presence and absence of ATP. Similarljts ATPase activity was measured with increasing
concentration of protein (B)

ParA2 localizes on nucleoid and causes cell elongat

ParA2-CFP was expressed in E. coli AB1157 on pA2@FERBmid and cells were examined
under fluorescence microscope. Results showedetatigation and localization of multiple
spots of ParA2-CFP on false blue coloured DAPIr&tdinucleoid spread throughout the cell
(Fig 2). Effect of ParA2 on growth and cell divisiovas monitored irkE. coli. TransgenicE.
coli expressing ParA2 showed a significant reductioncatony forming units (CFU) as
compared to untransformed cells and the cells sgprg ParAlon multicopy plasmid [4].
Nearly no effect in optical density at 600 nm wiskeveral-fold decrease in CFU in the cells
expressing ParA2 could be attributed to the coetinmcrease in cell volume but inhibition of
the cytokinesis.
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These results indicated that ParA2 co-localized waicleoid inE. coli and is most likely
affecting cell division IinE. coli. Since, FtsZ is key player in bacterial cell dign, the
possibility of ParA2 overexpression making FtsZficeent was hypothesized. However, we
observed that FtsZ expressing on plasmid did nstue the ParA2 effect in ParA2 over-
expressinge. coli cells and recombinant FtsZ activity was not a#dcby ParA2 in vitro.
These results suggested that the increase inesgdth and decrease in CFU per mL of cells
expressing ParA2 seems to be due to ParA2 effecelbdivision inE. coli and its direct effect
on FtsZ function is less supported.

Fig.2: Cellular localization of ParA2 in transgenicEscherichia coli. The E. coli cells expressing ParA2 —CFP
fusion was observed under fluorescence microscopsing normal mode (LM), excited for DAPI emission
(DAPI) and fluorescence protein (CFP). These imagegere merged (Merged) to find out if green
fluorescent ParA2-CFP is localized on DAPI staineducleoid

ParA2 complemented known nucleoid occlusion functioin E. coli

Binding of ParA2 with nucleoid and its effect orhibbition of cell division are the functions
known also for nucleoid occlusion proteins suctSasA in E. coli [7] and ‘Noc’ in Bacillus
subtilis [8]. These proteins are known to inhiletl division by bringing nucleoid occlusion to
the vicinity of FtsZ ring formation. Therefore, tpessibility of ParA2 inhibiting cell division
either by nucleoid occlusion or by affecting DNAolieation and genome segregation could be
hypothesized. ParA2 was expressed in E. coli sff@885 (AsImA) and E. coli strain TB86
(AmIinCDEAsImMA) cells, and the effect of ParA2 on growth ceuderistics of these mutants
were examined. The sImA mutant expressing ParAfv gsieilar to mutant control, while
ParA2 could help simAminCDE double mutant to recote growth defect in rich medium
(Fig. 3) and produce asymmetric cell division gatiag high frequency of minicells. Double
mutants expressing ParA2 produced 19.24+2.12% gilsias against 5.12+1.26% in control
without ParA2. Asymmetric cell division has beersetved IinE. coli cells lacking MinCDE
system.
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This indicated that ParA2 expression could makeAshimCDE double mutants similar to min
CDE single mutants, implying the complementatiorsth A loss in the double mutant. These
results may, therefore, suggest that ParA2 effactell division is most likely by affecting
genome compaction, a process integral to nucleoadusion mechanisms operated by two
distinctly different proteins SImA i&. coli and ‘Noc’ inB. subtilis.’

10! 102 103 10°
AsimA AminCDE + Vector :3-

-
AsimA AminCDE + ParA2

AsIimA + vector
AsimA + ParA2

Fig 3: Functional complementation of SImA (a nucelid occlusion protein) loss by ParA2 inE. coli. ParA2
was expressed in trans into sImA mutant AsmlA+ParA2) and sImAminCDE mutant (AsImMAAmMInCDE
+ParA2) and growth characteristic was compared withthese mutants harboring vector as control

E. coli expressing ParA2 showed cell elongation which n@sobserved when either ParAl
was expressed or cells harbor vector as contrdiis ihdicated the functional difference of
ParA2 from ParAl and seems to specific effect aAR& his was probed further and observed
that ParA2 localized on nucleoid and able to irderenspecifically with DNAIn vitro. The
mechanism underlying cell division inhibition byrR@ was investigated and observed that
ParA2 could rescue the growth defecmmCDESImMA double mutant and thereby produced a
phenotype that was specific to minCDE system inmgythat ParA2 could complement double
mutant forsslmA phenotype but not minCDE phenotype. Thus in assioh, ParA2 is a DNA
binding protein which might play an indirect role spatial regulation of FtsZ function .
radiodurans.
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Abstract

A-site-deficient LSCM perovskite oxides of compositions (Lag7580.25)1-xCrosMnps0s.5(x=0.0, 0.05,
0.10), were prepared by gel combustion method, employing citric acid as complexing agent and fuel.
The calcined (900°C) LSCM powders were predominantly composed of perovskite phase for all the
three compositions. Low intensity peaks of secondary phase(s) were observed in the XRD patterns of
calcined powders. However, these phases disappeared on sintering and the sintered LSCM samples
consisted of single perovskite phase. The perovskite phase purity is retained in the sintered samples
even after treatment in hydrogen atmosphere at 900°C. The electronic conductivity decreases with
increasing A-site deficiency in oxidizing atmosphere in the lower temperature range. Above 750°C the
electrical conductivity of La-site deficient (x = 0.05) LSCM was found to be more than stoichiometric
LSCM composition. The conductivity of LSCM in reducing atmosphere is about two orders of
magnitude lower than that in oxidizing atmosphere. Also the conductivity decreases significantly with
increase in La-site deficiency. The results have been analyzed through defect chemical relationships.

Keywords: LSCM, Combustion Synthesis, Phase stability, Eiealt Conductivity, Defect Chemistry
I ntroduction

Perovskite structured alkaline earth metal dopedhEnum manganite (LaMnp and lanthanum
chromite (LaCr@) have been reported to be used as cathode andantect material in solid oxide
fuel cellrespectively [1-4]. Alkaline earth metabging in A-site of the perovskite structure leads t
increase in electrical conductivity. Sr-doped LaMr{CSM), a state of art cathode material, has high
electrical conductivity but is not stable in rechgiatmosphere. On the other hand, Sr-doped LaCrO
(LSC) has high stability in reducing environment bas moderate electrical conductivity. In tubular
design of SOFC operating at higher temperaturentbet commonly used interconnects are LafrO
based ceramics. Partial substitution of chromium rbgnganese in LSC increases the electrical
conductivity. Manganese substituted LSC of compmsil.ay 75515.25Crp.sMNp 5035 (LSCM) has been
reported to be used in solid oxide fuel cell ahbrtthode and anode material because of its $yaipili
both oxidizing and reducing atmospheres [5,6]. LS€&M be considered as a solid solution of
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La;xSKMnO3; (LSM) and La«SrCrOs (LSC). Sinterability of LSCM is reported to be leettompared
to LSC and therefore use of LSCM can be advantagggoiabrication of cells.

For long term use of LSCM as a SOFC componentdeiththode, anode or interconnect) compatibility
with other cell components is an important aspbttYSZ electrolyte based SOFC it is likely that
LSCM will be in contact with YSZ. In case of LSlkl,common cathode material with YSZ electrolyte,
formation of electrically resistive phases like;ZeD; and SgZrO; has been reported [7,8]. Lanthanum
site deficiency has been reported to be usefulvimdaformation of zirconates. Thus it will be of
technical importance to study the effect of A-siteficiency on electrical conductivity and phase
stability of (L& 75500.25)1-xClosMng s035. In the present study, LSCM powders with differertent of
A-site deficiency have been synthesized via gellmgstion method using citric acid as chelating agent
These compositions were investigated for their etsdability and electrical properties in both oxidg
and reducing atmosphere.

Experimental

LSCM perovskite oxides with A-site deficiency wgreepared by gel combustion method, employing
citric acid as complexing agent and fuel [9,10]eT™tarting materials for the synthesis of LSCM were
lanthanum nitrate [La(N€)s-6HO, purity: 99.9%], strontium nitrate [Sr(NJ, purity 99.99%],
chromium nitrate [Cr(N@)s 9HO, purity: 99.99%] and manganese acetate[Mry@B0).4H,0,
purity 99.99%].Stock solutions (1M) of the abovéisavere prepared and mixed in required molar ratio
for the preparation of LSCM of different composit#o Citric acid was added to the mixed solutioa in
ratio of 0.708 mole per mole of LSCM. The resultsgution was dehydrated slowly on a hot plate
forming viscous gel which subsequently formed adstdamy product. On continuation of heating,
spontaneous combustion took place within the fogmoduct.The combustion synthesized powders
were finally calcined in air at 960, 3h to remove the residual carbonaceous matter.

X-ray diffraction (XRD) patterns of the calcinedvpder were recorded using an X-Ray diffractometer
(INEL, France) witltuK, radiation from 20-8%C. The calcined powder was de-agglomerated by wet
milling in a planetary ball mill. The milled powdemwere uniaxially pressed at 150 MPa pressure to
form pellets (15 mm dia. x ~1.5 mm ht.) and barpgltaspecimens (20mm L x 5mm W x 5mm H).
Sintering of the green compacts was carried out3&0°C, 3h in static air. X-ray diffraction (XRD)
patterns of the sintered samples were recordecenGpellets as well as sintered pellets were fired i
flowing humidified (3 wt% HO) hydrogen gas for 3h. XRD patterns of these sasplere recorded
after exposure in hydrogen atmosphere.

Four probe dc technique was used to measure thatuctvity of the rectangular bar shaped sintered
samples. The setup for electrical conductivity measent is shown in Fig. 1. Electrical measurements
were taken in oxidizing (air) environments whileatirg in the temperature range from 650 to°@0QG\t
900°C the environment was changed from oxidizing touoiuy atmosphere by flowing argon gas
initially for 10 minutes and subsequently flowingrhidified (3 wt% HO) hydrogen gas. The samples
were held in reducing environment for 3h and thiéeeaelectrical measurements were taken during
cooling in the temperature range 900 —%50The electrical conductivity data were takenwarg 50C
interval after holding for more than 20 min at edelmperature to equilibrate thermally until no
significant change in measured value was observed.
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Fig. 1. Setup for eectrical conductivity measur ement
Results and Discussion
Phase stability of calcined LSCM powders

The XRD patterns of combustion synthesizedo @8 25)1-xCro.sMnp 035 powdersk=0, 0.05, 0.10)
aftercalcination at 90 are shown in Fig.2.The XRD patterns have beelyaea using JCPDS (# 04-
013-5403) database of crystal structures. All thegompeaks correspond to the perovskite LSCM
structure. Low intensity peaks may be attributedh® formation of mixed oxide phases of various
compositions locally. In our experiments calcinemvders were milled and compacted and thereafter
exposed to reducing atmosphere at°@)@h. This condition is more severe than exposimiered
pellets in reducing atmosphere. XRD patterns ofopsrunsintered LSCM samples of all the three
compositions after exposure to reducing atmospisesown in Fig. 3.

Calcined LSCM powder:
(La _.Sr . ). Cr. _Mn O
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x=0

. x=0.05

x=0.1

* Unknown phase

(110)
(104)

(024)

Intensity (arbitrary unit)

1 1 1
° Ll
(012)
8 - *

2 40 50 60 70 80

26(degrees)

Fig. 2. XRD patterns LSCM powders calcined at 900°C
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All the major peaks correspond to perovskite stngctin all the three compositions a low intenpigak
(marked by *")of secondary phase at <24 has been observed. The low intensity extra peaguatd
31° 20) in hydrogen treated LSCM sample has been repantéiderature[11,12]. It is reported to be
originating from the decompositionof the perovshike oxide to a KNiFs-like phase (Ruddlesden—
Popper (R-P) phase) or ordering of the perovskitetsire[11]. M. Oishialso observed R—P phase, i.e.

(La,SrpMnOy, for LSCM quenched from 900 °C afd,, of 9.9x10*atm[12].Overall the results
indicate that A-site deficiency has no significarfltuence on the stability of perovskite phase 8QM.

Calcined and treated in reducing atmosphere
7] (L5 7:57555)1,CTo Mo O
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Fig.3: XRD patternsof calcined LSCM powders after
exposur e to hydrogen atmospher e at 900°C

Phase stability of sintered LSCM

The XRD patterns of sintered {.aSro.25)1-xCro.sMngsO3swith x=0, 0.05, 0.1Gare shown in
Fig. 4.

Sintered LSCM
(La,..Sr ), Cr Mn_ O

0757 0.2571-x 0.5 057 3-8

. x=0
x=0.05
x=0.1

(110)

(104)

Intensity (Arbitrary Unit)

20 30 40 50 60 70 80
26 (Degrees)

Fig. 4: XRD patterns of LSCM powders sintered at 1350°C, 3h
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All the peaks could be assigned to pure perovsiitgcture. Low intensity extra peaks observed e th
XRD patterns of calcined powders halisappearedin the XRD patterns of sintered samples.XRD
patterns of the sintered LSCM samples after exgosuhydrogen atmosphere is shown in Fig. 5. The
XRD results have been compared with LSCM sampleergd in air. The perovskite phase purity is
retained in the sintered samples of all the thrempmositions even after exposure in hydrogen
atmosphere at 960 and no effect of site deficiency has been observe

sintered LSCM and treated in reducing atm.
(L&, ;5575 26)1..CosMN, O
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Fig.5: XRD patternsof sintered LSCM after exposure to hydrogen atmospher e at 900°C
Electrical conductivity in oxidizing atmosphere: Effect of A-site deficiency

The electrical conductivity in lgg=Sty-:CrosMngsOsis primarily due to Sf substitution in L&' sites.
The following defect reactions are possible whe® $ added in the LaM(here, M = Mn, Cr)
perovskite structure.

2 SrO-28r], + Vi +205  ceeenenn. 1)
SrO-Sri,+ My, +05 . (2)

Thus the negatively chargéa,/, can be charge compensated by either formatioxyfen vacancy or
through MA* — Mn*" and/or Cf*— Cr** transition. The later leads to the formation @fc&lonic hole,

a p-type charge carrier. Under oxidizing atmosplﬁE,5§>108 atm), oxygen deficiency is expected to be
negligible, therefore, all charge compensation cxeia formation of electronic holes.

The electrical conductivity in LSCM is due to smadilaron hopping of the charge carriers localized a
Mn and Cr sites.The electrical conductivities o&fksSto 25)1-xCro.sMnp 5035 samples (with x = 0.0, 0.05
and 0.10) as a function of temperature are showfign6 in the form of Arrhenius plot.It is obsedve
that in the lower temperature range as the Ladwgfeciency level increases, the electrical conadugti
decreases.Above 78D the electrical conductivity of La-site deficigmwt= 0.05) LSCM was found to be
more than stoichiometric LSCM composition. La-giteficiency in LSCM can be expressed by the
following defect chemical reaction.
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2Laj, +3052V//+3Vs (3)

The presence of strong negatively charffgdsites is likely to influence the movement of pasty
charged carriers through defect association. Ahdri temperature and in oxidizing atmosphere the
following defect reaction is expected to be prentle

VO +%02<—>05< + M;d ............... (4)

Therefore, hole concentration increases at higkrapéerature and this leads to increase in the &laltr
conductivity in the La-site deficient LSCM at hightemperature region. The activation energies have
been calculated to be 0.26, 0.34 and 0.36 eV fay#5/.25)1-xClo.sMng 5035 samples with x = 0.0, 0.05
and 0.10 respectively. Higher activation energlarsite deficient LSCM is due to the activationrimr
caused by defect association with negatively cltarggsites.

Air atmosphere
(La, ;55T ,5); ,Cry sMN, O

0.75~ 0.25 05 05733
—— x=0
—o— x=0.05
—A—x=0.1

4.4

»
N
1

log(aT)(Scm™)

w
©
1

3.6

. —
0.8 0.9 1.0 1.1 1.2 1.3
1000/T(K™)

Fig. 6: Electrical conductivity of different LSCM compositionsin air
Electrical conductivity in oxidizing atmosphere: Effect of A-site deficiency

The electrical conductivities of (b&sSro.25)1-xCro.sMng 5035 samples (with x = 0.0, 0.05 and 0.10) in
humidified hydrogen atmosphere as a function ofpemature are shown in Fig. 7 in the form of
Arrhenius plot. The conductivity of LSCM in redugiratmosphere is about two orders of magnitude
lower than that in oxidizing atmosphere. Also tleaductivity has been found to decrease signifigantl
with increase in La-site deficiency. Under reducoogdition the defect reaction (1) becomes dominant
In other word, the lattice oxygen transforms int@a@ubly charged oxygen vacancy consuming two
electronic holes. The defect chemical reaction betwthe defect species and the surrounding
atmosphere can be described as:

0 + 2My &0, + Vo + 2My (5) where, M= Mn, Cr.
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Therefore, hole concentration effectively decreasesducing atmosphere. This phenomenon decrease$
the electrical conductivity significantly. La-sitéeficiency further aggravates the hole conductign b
increasing the activation barrier as discussedegdn reducing atmosphere the defect chemicalti@ac
(4) is not feasible and conductivity of La-site idefnt LSCM always remains lower than stoichionetri
LSCM composition. The activation energies have bealculated to be 0.58, 0.74 and 0.78eV for
(Lag 7550 25)1-xCro.sMnp 5035 samples with x = 0.0, 0.05 and 0.10 respectivelyeducing atmosphere.
High activation energy for electrical conductivityreducing atmosphere is due to the activationidrar
caused by large concentration of oxygen vacandiesease in activation energyin La-site deficient
LSCM is attributed to defect association with nagdy charged/,; sites.

Reducing Atmosphere
3.0 1 (L&, 1557y 5),,.CFo sMN, O

0.75% 0.25 0535
—m— x=0

—e— x=0.05

—A—x=0.1
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N INd
= »
1 1

=
©
1
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0.8 0.9 1.0 11 1.2

1000/T(K™)
Fig. 7: Electrical conductivity of different LSCM compositionsin reducing atmosphere

Conclusions

Pure perovskite structured phase has been obtaini@ sintered LSCM having different levelof La-
site deficiency. The perovskite phase remains stafier exposure in humidified hydrogen atmosphere
at 906C in all the three compositions of LSCM (@Sl 25)1.xCrlo.sMng s035(x=0.0, 0.05, 0.10). The
electrical conductivity is influenced significantlyith the atmosphere as well as lanthanum site
deficiency. The electrical conductivity in hydrogatmosphere is about two orders of magnitude lower
than that in air atmosphere. The conductivity imegal decreases with increase in lanthanum site
deficiency. However, at higher temperature and xygen atmosphere the conductivity of La-site
deficient LSCM exceeds that of stoichiometric LSCM.
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Abstract

Gold nanoparticles (AuNPs) of controlled dimension are prepared on glassy carbon
electrode from the solution of 1 mM HAuUCI, in 0.1 M HCI by electrochemical route without
using any additional size-directing reagents. The electrochemistry of U(VI)/U(IV) redox
couple in 1 M H,S0y4 is studied by cyclic voltammetry, differential pulse voltammetry and
electrochemical impedance spectroscopy experiments. It is evidenced that AUNPs catalyses
the redox reaction of U(VI)/U(IV). The quantum mechanical calculation unravels the
mechanism of electrocatalytic reduction of uranyl (UY'O,?*) sulphate redox species on
AuNPs. The higher density of states of 5d band of AUNPs and its strong interaction with the
LUMO(U-5f) of [UY'O,(5"-0805)( #*-0,05), 2H,0]* catalyzes the heterogeneous electron
transfer reaction between AuNPs and uranyl (U"'O,?") sulphate redox species. This is the
first report on the involvement of the 5f-orbital of actinyl ion in the electrocatalytic electron
transfer reaction.

Introduction

Bulk gold is highly stable in corrosive environmerdnd it rarely shows low catalytic
activity for most of the reactions. Therefore, bgiid metal has not drawn any attention in
catalysis. On the contrary, supported gold nanapest (AuNPs) offer excellent
electrochemistry compared to bulk counterpart beeaf their high effective surface area,
high rate of mass transport through convergenusiidih and electrocatalytic action at the
nano-surfaces. Recently, AuNPs have exhibited tetgctrocatalytic activity for CO
oxidation [1] and oxygen reduction [2, 3]. Intefegty, the oxygen reduction on AuNPs
occurs in the potential range -0.5 to -0.15 V vg/AgCl (saturated KCI) reference
electrode,[2] which is in similar range of reductipotential of the uranyl (O,
complex to U(IV) complex in sulphuric acid medium mercury pool electrode [4]. Due to
the health and environmental hazards of mercufgrtefare being put on the development
of the suitable alternative electrodes for theaejplg mercury. Therefore, it is of interest to
explore the applicability of AuNPs for the electnemical reduction of U(VI) in 1 M
H,SOy.Eventually, this is the part of the first report e electrocatalysis of {D,?* in 1 M
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H,SO, at AuNPs supported on glassy carbon electrode PSUEC) as evidenced from
cyclic voltammetry (CV), differential pulse voltanetny (DPV) and electrochemical
impedance spectroscopy (EIS) experiments [5]. Theetrecatalytic mechanism was
investigated at molecular level by correlating #ghectrochemical results with the quantum
chemical calculations.

Experimental

The chemicals of highest available purity are uségtout any further purification. All the
solutions are prepared using ultra pure water (@l Millipore, 18.2 MV cm). The
electrochemical experiments are performed at roemperature (T = 294 K) in a
conventional three-electrode cell by using Autol®&GSTAT 30 and CHI-760D
electrochemical workstations. A commercial glasagbon (GC) (w = 3 mm) or gold (Au)
(w = 2 mm) or AuNPs/GC electrode is used as thekingr electrode, Ag/AgCI/KCI
(saturated) (kgagct = +0.197 V vs. standard hydrogen electrode) isl e the reference
electrode and a platinum wire acts as the counéstrede. All the potentials quoted are
with respect to the Ag/AgCl reference electrodeioPto perform the electrochemical
experiments, the working solution is purged witghhpurity nitrogen for 15 min to remove
the dissolved oxygen from the solution. The pohghof GC and Au electrodes in between
the experiments is carried out by using aluminariglsi with different powders of size down
to 0.05 mm. After each polishing, the electrodethsroughly rinsed with water and
sonicated in ultrapure water in an ultrasonic bfth 30 min to remove any adsorbed
substances from the electrode surface. Electrodansimulation software is used to
evaluate the kinetic parameters of the electrodeti@n corresponding to the reduction of
U(VI) in 1 M H,SO,. The AuNPs/GC is synthesised by multiple galvaataspulse strategy
as reported by Guin et al. [6] This template friseteosynthesis route produces AuNPs with
controlled particle size dispersion without empiayany surface stabilizing agent.

The geometry of the most probable species of UigVI) M H,SQO, is optimized by applying

a popular nonlocal correlated hybrid density fummti namely, B3LYP. Gaussian type
atomic basis functions, 6-31+G(d) are adopted f@an@® S atoms while for U atom, SARC-
ZORA basis sets are used for all the calculati@hsIhis particular basis set for U is
obtained from Extensible Computational Chemistryvimment Basis Set Database,
Pacific Northwest National Laboratory.[8] The minim energy structure is found by
applying quasi-Newton-Raphson based algorithm. tAése calculations are carried out
applying GAMESS suit of ab-initio program for elewtic structure calculation.[9]
Vibrational analysis of U(VI)-species is perform@densure the true minima and to assess
the effect on the actinyl bond due to changesemilimber of equatorial ligands. Changes to
the thermal contributions and zero point energies reegligible and, therefore, are not
included in the final results.

Results and Discussion

Fig. 1 shows the scanning electron microscopic (phiwhge of the electrochemically
synthesized tapped hemispherical AUNPs of diang38+400 nm and height 25-30 nm. The
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synthesized AuNPs shows narrow particle size Oigtion confirming the ability of the
template free electrosynthesis route in controltimg dimension of the nanoparticles though
in the absence of the size controlling physicalicical agents.

Fig. 1EB image of AUNPs/GC at 25000X. [5]

The DPV of 5 mM U(VI) in 1 M HSQO, on (i) GC, (ii) Au and (iii) AUNPs/GC at 10 mV
pulse amplitude is shown in Fig. 2. The cathodiakpef U(VI) on GC is observed at -0.494
V with a peak current density of -17.8 mA énThe cathodic peak potential is shifted to -
0.191 V and -0.129 V on Au and AuNPs/GC, respebtivéhe peak current density
increases to -30.4 and -82.4 mA tmn Au and AuNPs/GC, respectively. Fig. 2 indicates
that the energy barrier of the electron transfactien from the electrode to U(VI) centre is
significantly minimized at AuNPs/GC. Therefore, ABSIGC acts as a catalyst for the
electrochemical reduction of U(VI) in 1 M,BO,. Further, the significant enhancement of
the cathodic peak current of U(VI) at AUNPs/GC dsamnalytical importance for the
guantitative measurement of U(VI). The evidenceslettrocatalytic reduction of U(VI) is
also supported by the cyclic voltammograms (Fig. 3)
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Fig. 2: DPV of 5 mM U(VI) in 1 M H,SO, on (i) GC, (ii) Au and (iii) AUNPs/GC at 10 mV
pulse amplitude.[5]

Fig. 3: Cyclic voltammogram of 5 mM U(VI) in 1 M H,SO4 on (i) GC, (ii) Au and (iii)
AuNPs/GC at a scan rate (n) of 10 mV'5 The solid lines and circles represent the
experimental data and fitted curves respectively
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The detailed voltammetric analysis revealed thatdlectrochemical reduction of U (VI) in
1 M H,SO, happens at Au electrode through a mixed adsorgiitssion mechanism and

the contribution of adsorption increases in AUNRY/Gurther, the variation of the current
function with respect to the scan rate indicated the extent of reduction of U(VI) in 1 M

H,SO, through electrochemical-chemical (EC) mechanisoneiases at Au and AuNPs/GC.
UM 0,?" is reduced to Y 0O," (Eq. (1))

2UM 0,2 + 26 = 20V 0, 1)
In acidic solution, O," disproportionates into ¥ 0,2 and U** (Eq. (2)).
2UM0," + 4H = UV, + U™M* + 21,0 )

From the shapes of the CVs (Fig. 3), it can be Wp&ad that under strongly acidic
conditions (i.e. 1 M K50Qy), reaction (2) occurs so fast that at the potenteresponding to
reaction (1), the ¥YO,* ion is reduced completely to'Y)** at the vicinity of the electrode
according to overall Eq. 3.

UM O™ + 26 + 4H = U™M* + 21,0 3)

Since, U(IV) is stable in 1 M $$0, and the oxidation of U(IV) involves the formatiof
two U=0 bonds, which occurs much slowly with reggedhe recommended time frame of
the electrochemical potential sweep at the eleetracherefore, V0,2 /U™** shows
irreversible redox behavior and no oxidation peélumanium (IV) is observed in anodic
scan direction irrespective of the scan rates.heurthe cathodic peak of uranyl is better
defined with AuNPs/GC than with Au or GC electrodempared to the background
hydrogen evolution peak and thus the selectivitythef U(VI) reduction is improved at
AuUNPs/GC. The onset reduction potentiaf) (Bf U(VI) to U(V) are appeared at -0.278, -
0.108 and -0.101 V at GC, Au and AuNPs/GC, respelgti The systematic decrease of Ec
from GC to AuNPs/GC suggests that the energy ofuineal state (Es..umo) of the
electron transfer from the electrode to U(VI) sysatically decreases from GC to
AUNPs/GC. The &s.Lumo is calculated as -4.372, -4.549 and -4.542 eWasuum for GC,
Au and AuNPs/GC, respectively. The rate of electransfer reaction from the electrode to
U(VI) is calculated as 3.5x1) 5.0x10° and 5.4x18 cm s' for GC, Au and AuNPs/GC,
respectively, by fitting the experimental CV withet calculated CV for combined reaction
(1) and (2). Interestingly, the charge transfeiffacient (a; symmetry factor of the transition
state) improves from 0.13 at GC to 0.50 at Au ar®d) @t AuNPs/GC. Therefore, it can be
speculated that the rate as well as the symmetrihefpotential energy barrier of the
heterogeneous electron transfer reaction from reléetto U(VI) follows the order GC < Au
< AuNPs/GC.

There are two common possibilities to get enharmeerent of the electrochemical reaction
at the modified electrodes with nanopatrticles;giihancement in the overall surface area of
the electrode because of the higher surface-torweluatio of the nanoparticles; and (2)
presence of higher number of synthetic defectctvasites on the nanoparticles.
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In these cases, nanoparticles modified electrodxpected to show electrocatalytic action
irrespective of the redox system.

> o (b)

Fig. 4: (a) Optimized structure (b) HOMO & (c) LUMO of hydrated [U"' O,(*-OS0O;3)( n-0,S0y),
2H,0]*. The bond distances given are in A. HOMO is compsied of lone pair from oxygen atoms of
SO, group which acts as monodentate ligand whereas LUBI is made of 5f z(%-y?) orbital of U.

[5]

Therefore, the CV and EIS experiments were perfdrmme GC, Au and AuNPs/GC
electrodes with an electrochemically reversiblebpta.e. K[Fe(CN))/KFe(CN)] redox
couple. No appreciable change in the peak currensiies and peak potentials is observed
for these electrodes. It may rule out the firstgtméty. Further, no appreciable change in
the charge transfer resistance is observed betwden and AuNPs/GC for
Ks[Fe(CNEJ/K4Fe(CN)]. It may rule out the second possibility. The &lecatalysis can
also be defined by the decrease in the heighteoatthivation barrier of the electron transfer
reaction. Further, a change in the energy of theiali states as well as the contribution of
adsorption of U(VI) at the electrodes is discussethe earlier paragraph. calculated to be
most stable and thus predominant species undeiliestu@rig. 4).Therefore, quantum
mechanical calculations is performed for understepdhe electrocatalysis of U(VI) by
AuNPs/GC at molecular levels. [1D,(n'-0SQy)( 1*-0,S0,), 2H,0)* is The energies of the
highest occupied molecular orbital (HOMO) and lowvesoccupied molecular orbital
(LUMO) are calculated as -7.01 eV and -5.84 eV vacuum, respectively. More
interestingly HOMO is comprised mostly of O(p) ddbé of monodentate sulfate; whereas
LUMO is comprised of U[5f z(y?)] orbital. It shows that an interaction betwedted p
orbital of oxygen atom of sulphate with that of aatf orbital of U(VI) ion, indicating the f
orbital participation in bonding. The density odtets (DOS) of the sp-band of GC depends
on the energy range and it is very low (~2.2%3fates/eV) i.e. below -0.1 V vs. Ag/AgCl.
Therefore, the heterogeneous rate of electronfeats U(VI) was found to be the lowest at
GC due to the low DOS. Further, the weak interactibLUMO (consisting of U-5f orbital)

of [UY'0,(n*-0SQ)( n%-0.SOy), 2H,0]* with carbon sp-band creates a virtual energy state
at -4.372 eV vs. vacuum, as discussed earlier,tHer heterogeneous electron transfer
reaction to take place (Fig. 5a). The weak absmmptif [U"'O.(n-0SQy)( n*-0.S0),
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2H,0]* on GC surface results into lowest charge transésfficient of the reaction as
evidenced from the electrochemical experimentsti@rother hand, gold has a DOS of 0.28
states/eV and this value is relatively constanhwitergy. Therefore, the heterogeneous rate
of electron transfer to U(VI) increased at Au. Tlhermi energy of Au is -5.31 eV vs.
vacuum and the centre of 5d band of Au is situatee.01 eV vs. vacuum. The metal 5d
band interacts comparatively strongly with the LUNMID-5f orbital) of [U"' Ox(n'-OSQs)(
n%-0,S0), 2H,0]* creating VS-LUMO at -4.549 eV vs. vacuum (Fig. .Moreover, the
better adsorption of [YJO,(n-0SQy)( n*-0,SO,), 2H,0]* on Au improves the charge
transfer coefficient of the cathodic reaction. @S is not only expected to be increased
for AuNPs/ GC, but the energy level of its 5d bardalso expected to be changed.
Therefore, the contribution of adsorption of \[O,(n-0SQ)( n*-0,S0), 2H,0]* on
AUNPs/GC is increased due to the increase of th& BOAUNPs and more interaction of
the U(VD)-LUMO(5f) with the Au-5d band of AuNPs. iEhphenomenon was indirectly
supported by the energy of the VS-LUMO (at -4.542 . vacuum) and the highest
observed value of the charge transfer coefficie®tdNPs/GC (Fig. 5c¢).

= A VS-LUMO (GC-SP.....U-5f) (a)
= 3
} S - —.
g e
= | 2
= = .
s p= e
=
g E .
2 < Eo
o 4
- -
e o s HOMO (O-p)
T &
& g
wl

&
<

—> sp-band of GC

) 8

2| ¥
= 3 VS-LUMO (Au-5d band.....U-5f) b
I ¢ (b)
A —.
= ks 4
= = :
2 = S—
5| 8
2 < E
) o F,
- o s
2 % ; e HOMO (0-p)
T &
& g
i =)
v — Sd-band of Au [UV'02(SO4)1ono(SOa)cnet, 2 H20)2"
DOS'
= —_ N
< E VS-LUMO (Au-5d band.....U-5f)
2| ¢ (c)
< <} —
; g ; " — | MO (U-5,(x2.2))
= H .
= = 5 B
= 2
2 3 s HOMO (O-p)
2 G
< 'S
& ? 5d-band of Au [UV02(SOa)Mono(SOa)chet, 2 H2012
&) &
—

DOsS

Fig. 5: The representation (not in absolute scale)f the interaction of LUMO with the electronic
bands of (a) GC, (b) Au and (c) AUNPs/GC. VS-LUMO epresents the virtual state of LUMO after
interacting with the electronic bands of electrodg5]
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Conclusion

The present study unravels, for the first time, ekectrocatalytic action of AUNPs for
the reduction of actinyl complexes (more precisgignyl complexes). The CV, DPV
and EIS reveals that AUNPs/GC is a superior eleatadyst compared to Au or GC for
reduction of U'O,*" in 1 M H,SQ,. The highest observed value of the charge transfer
coefficient and rate of electron transfer at AuN#Ps proposed because of the highest
density of states of 5d band of AuNPs and its batieeraction with the LUMO
contributed by U-5fz(x2-y2) orbital of [UO,(-OSQ)( 1n*-0,S0,), 2H,0J%,
predominant stable species of'0,°" in 1 M H,SO,. This is the first report on the
participation of the 5f-orbital of actinyl ion inextrocatalysis.
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Abstract

The Containment Sudies Facility (CSF) is a test facility which has been set up at BARC for
carrying out experiments related to nuclear reactor containment. It consists of a
containment model and a pressure vessel (or PHTM vessel). Containment thermal hydraulic
experiments were carried out in CS- for 50bar and 75bar blowdown conditions for
simulating containment pressure and temperature transients following pipe break,
simulating LOCA/MSLB. Pressure, temperature and other transient parameters were
recorded during the experiments. The experimental results were compared with outputs of
modeling carried out using various codes like RELAP, ASTEC and CONTRAN etc. The
details of the experimental and analytical studies conducted in the CSF are presented in this

paper.

I ntroduction

In Indian Pressurized Heavy Water Reactor (IPHWEdntainment building is the last
safety barrier for preventing the consequencesaflant such as LOCA/Main Steam Line
Break (MSLB). In case of LOCA, high enthalpy stemmdischarged into the containment
atmosphere and the containment pressure and tetmgerstart rising. The containment
building itself acts as a passive heat sink and tha@asfer to containment takes place by way
of convection and condensation. The condensatiahtrensfer in containment is a complex
phenomenon and depends upon many parametersifl@fder to generate large data base
for validating the mathematical modelling usingioas codes like, RELAP[3], ASTEC[4]
and in-house CONTRAN [5,6] and also to resolveissaes related to suitable condensation
models, blowdown experiments were carried out ifr 73.

Brief Description of Experimental Facility

The experimental facility consists of a pressuresee (PHTM) simulating the primary heat
transport system and a concrete containment maddblow down pipe connects the
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pressure vessel to the containment model. Thegenaent is shown schematically in Figure
1. A brief description of each of the componentgheffacility follows.

Containment Model

The containment model is a cylindrical structurehwan ellipsoidal dome, made out of
reinforced cement concrete (RCC) and inside watlase is coated with epoxy painting.
The outer diameter of the model is 6.9 m and itghteis 10.95 m.This facility is
approximately 1:200 volumetrically scaled down modé the standardized 220MWe
IPHWR [3]. The scaled down model simulates georoailsi all the major compartments in
IPHWR viz. fuelling machine vaults, pump room vaulboiler room, dome region, vent
annulus, suppression pool etc. The containment modesists of two floors and a
basement. The two floors constitute the volume-ht tontains 6 rooms (from Room R1
to R6) in total and the basement forms the volunie{éfer Figure 1). The suppression
pool is also a part of the basement. Volumes-V1 & &fe connected by vent pipes or
downcomers submerged in the suppression pool.

DRD = Double Rupture Disk

PHTM=Primary Heat Transport Model
CM= Containment Model

P R1 to R7 = Rooms or Compartments

Fig. 1. Schematic diagram of Containment Studies Facility
Primary Heat Transport System (PHTM)

The function of PHTM system is to simulate the LORISLB by discharging high enthalpy
steam (i.e. mass and energy) into the containmewdiem The PHTM system consists of a
pressure vessel, feed and bleed system, heateblovitdown pipe line and other associated
equipments to generate steam at prescribed conslitho 1 m3carbon steel pressure vessel is
designed for the maximum operating pressure of 40@hd equipped with safety systems
such as rupture disk, safety relief valves etcséde operation.

The volume of pressure vessel evaluated based mmlative mass and energy discharge
required to simulate LOCA in IPHWR. The pressuresed has submerged U type heater
pins for generating steam at desired pressure. &e@dbleed system is provided to perform
the function of supplying and removing process wdtem the vessel for maintaining
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desired operating conditions. Apart from that thedf and bleed system can create saturated
or sub-cooled blowdown conditions in the vessel.

Piping and I nstrumentation

The pressure vessel is connected to the containmeaé! by a discharge pipe of 50mm NB
size. A Double Rupture Disc (DRD) with suitable ogigng mechanism is mounted on this
pipe. The blow down could be initiated by causimgture of these rupture discs.The
process instrumentation for the CSF mainly considtpressure, temperature and level
measurements at various locations on the PHTM avidf@® the requirement of transient
data recording. Apart from this, safety relatedtrumeents and controls for pressure and
temperature are also provided in PHTM and CM. Thesgurization process status of
PHTM vessel is monitored using an Industrial PCedaBata Acquisition System (DAS),
which has 256 channels with a scanning speed aiitab®000 samples/s and an overall
accuracy of about £0.1% of full scale. A paperlesorder is also deployed to continuously
monitor the important parameters such as PHTM presdevel etc.Once the pre-set
operating conditions are established in the PHTB\Wwldown into CM can be initiated. This
event simulates LOCA or MSLB accident, due to plipe rupture, in a typical PHWR
reactor containment. A schematic diagram of thevblown initiating mechanism along
with Dual Rupture Disc (DRD) assembly is shownha Figure 2.

To Bleed

= - I" 1 PG
Condenser PRV] I Z SRV
Pneumatic | |
-------------------------- (/f_ Actuator ]|
SOV R Control Hose |
% Tupe | Valve . |
2mm thick g | Nifrogen
S5 316 | Cylinder
41@_%], _l
PRV2
PT RV
From PHT vessel To contaiment model
—> B >
A
DRD

Fig. 2: Blow down initiating mechanism

The DRD assembly consists of two rupture disks Wwiace kept in series and the rupture
disk ratings are chosen 3/4 of the test blowdowesgure. The upstream side of the DRD
assembly is connected to PHTM vessel, the dowmstisaconnected to CM and the inter-
space between two rupture disks is pressurizechtfoofi test blowdown pressure using a
separate nitrogen cylinder. The blowdown procesagiigted by depressurization of inter-

space between the rupture disks with the help etipratically operated fast acting control

343




FOUNDER’S DAY SPECIAL ISSUE 2015

valve.In Containment Model, each compartment isvipled with a pressure, relative
humidity, room and wall temperature measurementd aach junction between the
compartments is provided with a junction flow metervapor suppression pool, the level
variation and associated loads generated durinfdheof air-steam mixtures through pool
water are measured using submersible pressureltreers.

Experimental and Analytical Studies

Initially the PHTM vessel is filled with de-minerséd (DM) water up to desired level. A
Double Rupture Disk (DRD) assembly, which is fixedh two suitable rupture disks in
series, has been used for initiating blowdown. DiM water in PHTM vessel is heated,
using heater banks, to generate steam to the tessype and temperature and then it is
allowed to blowdown into V1 volume of containmenbael by rupturing the rupture disks
in DRD assembly. The analysis was carried out im $teps. In first step, the PHTM vessel
along with blowdown pipe and DRD assembly are medlelsing thermal hydraulic code
RELAP5/Mod3.2. Since instruments to measure thanstelowdown rate and its enthalpy
are not installed in the experimental set up, RERAM®A3.2 code was used to calculate it
indirectly. The obtained blowdown data were theeduss input for the second step, in
which, the ASTEC and in-house CONTRAN codes usebtberdown data for calculating
containment model transient parameters like compent pressure, temperature, wall
temperature, junction flow rate etc. Figure 3 repres the flowchart of method of analysis.
The PHTM vessel, blowdown pipeline, DRD assemblyg #me containment model were
modelled using RELAPS5 code, in which, the entirsteg is divided into a series of nodes
or control volumes connected together via junctions

CF

Model

4 .
Pipe168 R5
Timedependent
Volume172
Pipe152 * ‘}
Pipe158 R3 R4
=9-junction *_ * *
_ R6 R1 R2 RY
[
§ Pipe150
: - RT
z Relap5/mod3.2 code model nodalization scheme e
® Break Junction R1to R6 => V1 Volume
- @ Flow Junction R7 ==>V2 Volume
m  Vent Junction
Fig. 3: RELAP5/mod3.2 code model nodalization Fig. 4: Seven volume
configuration of schemerepresents PHTM vessel containment model

and blowdown pipe

In containment thermal hydraulics, the containmemddel is divided into seven
compartments (i.e. nodal volumes) and the configanas shown in figure 4, in which
all the rooms in V1 volume is considered as separatnpartments and are connected
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by flow junctions. R1 & R2 represents the break partment and from R6, the volume
V2 (R7) is connected vent junction represents #rd pipes to suppression pool.PHTM
vessel and blowdown pipe dimensions, heating thegmo-physical properties of the
associated materials and initial water level, ahipressure and temperature in PHTM
vessel are the inputs for RELAP5 code.

Geometrical details, initial conditions in the canment and the thermo physical

properties of structural materials were some ofitipaits. Blowdown mass and energy
discharge rate from pressure vessel to containmmentel is evaluated using RELAP

5/Mod3.2 thermal hydraulic code for the initial sesoperating pressure of 50bar and
75bar. The blowdown mass and energy discharge wata then used as inputs to
CONTRAN code.

Results and Discussion

The calculated vessel pressure, temperature aetltlewmsients during both 50 bar and
75 bar blowdown using RELAP5/Mod3.2 code is comganath the experimental
values are shown in the figures 5 to 10. The mealsdata and the RELAPS predictions
are matching very closely, however in temperatusgligtions, the experimental value
(i.,e. Thermocouple reading) gives the local temjpeeaof the two phase mixture
whereas the RELAP prediction gives the average ¢eatpre of the particular control
volume. Mass blow down rate variations with respectime for 50 bar and 75 bar
blowdown pressures (figures 11 & 14) are evaluatgdg RELAP code which are the
major input for containment thermal hydraulic cdétions using CONTRAN code.

The containment pressure and temperature varididowing blowdown, is strongly
depends on condensation heat transfer coefficiesteam over concrete wall structures
in presence of non-condensables. In this analyhis, correlations for evaluating
condensation heat transfer coefficient are diffasidagami and Uchida model
[7].Figures 12 and 15 show the containment voluriepkéssure variation with respect
to time for 50bar and 75bar blowdown pressuresasely.

The V1 volume pressure variations are evaluatedguSIONTRAN code for different
condensation models (Tagami, Uchida and Diffusimdets) and ASTEC code which
are then compared with the experimental values. gdek pressure obtained using
CONTRAN code for Tagami, Uchida and Diffusion consi&ion models, for 50 bar
blowdown pressure, are 1.08kg/cm?-g, 0.83kg/cmady@79kg/cmz2-g respectively and
ASTEC code predicts 0.83kg/cm2-g and the peak pressbtained in experiment is
around 0.82kg/cmz-g.

Similarly the peak pressure obtained using CONTRNe (for Uchida condensation
model) and ASTEC code, for 75 bar blowdown pressame 1.01kg/cm?-g and
1.00kg/cm?-g respectively and the peak pressur@rdal in experiment is 0.986kg/cm?-

g.
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Figures 13 and 16 show the containment volume é2gure variation with respect to time
for 50bar and 75bar blowdown pressures respectividlg peak pressure obtained using
CONTRAN code (for Tagami, Uchida and Diffusion cendation models) and ASTEC
code, for 50 bar blowdown pressure, are 0.96kgkpnB-71kg/cm?-g, 0.67kg/cm2-g and
0.71kg/cmz2-g respectively and for 75 bar blowdowespure, are 1.08kg/cm?-g, 0.89kg/cmz-
g, 0.84kg/cm?-g and 0.88kg/cmz2-g respectively. pbak pressure obtained in experiment
for 50bar and 75bar blowdown pressures are O0.78Kggc and 0.91kg/cmz2-g
respectively.Figures 17 and 20 show the R1 compentriiemperature variation after 50bar
and 75bar blowdown pressures respectively.

The peak temperature obtained using CONTRAN codle Thgami, Uchida and Diffusion
condensation models) and ASTEC code, for 50 bavdidovn pressure, are 163.6°C, 119°C,
156.5°C and 117.2°C respectively at R1 compartrardtfor 75 bar blowdown pressure are
152.1°C, 122°C, 121°C and 120.1°C respectivelylat&mpartment. The peak temperature
obtained in experiment for 50bar and 75bar blowd@messures are 116.4°C and 134°C
respectively. Similarly the temperature variatiam®k5 and R7 (V2 volume) compartments
are shown in figures 19 and 24 for 50bar blowdowasgure and figures 22 and 27 for 75bar
blowdown pressure. Wall temperatures variationghgypredictions of code and measured
values R1, R5 and R7 compartments are shown imefggli8, 23 & 25 for 50bar blowdown
pressure and figures 21, 26 & 28 for 75bar blowdgwessure. Junction flow variation
calculated by CONTRAN code and measured valuesydsgt the compartments in
containment model, are shown in figures 29 to 3%@and 75bar blowdown pressure.

Conclusions

Two blowdown experiments each at 50bar and 75bae warried out in CSF and excellent
repeatability in the measured values have beenrgdsen all the parameters of PHTM
vessel and containment model. Mathematical modglbihblowdown part was carried out
using RELAP and containment calculations were peréal using ASTEC and CONTRAN
codes. Measured PHTM vessel pressure, temperatdrieeel transients are consistent with
the calculated values using RELAP code. The peakspre and peak temperature values
and its time of occurrence in containment model dose to the calculated values using
CONTRAN and ASTEC codes. However, both codes ptediarly containment
depressurization due to condensation but experisieodvs slow depressurization. This is
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the major issue to be addressed otherwise predictioadioactivity release, in long term,
by codes would be under estimated.
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Introduction

Molecular magnets of transition metal cyanides,wnaoas Prussian blue analogues
(PBAs) form a unique class of materials becaudbeif interesting physical properties
and possible wide technological applications. PBpessess many interesting
multifunctional properties, such as magnetic paieersion, photo-magnetic behavior,
zero/ negative thermal expansion, spontaneous ntiagtien, and slow magnetic
relaxation, etc [1, 2]. The possible technologiagblications of PBAs are in the field of
ion sensing [3], hydrogen storage [4], memory sg@d5], biomedical [6] and photo
switching based electronic devices [7]. The PBAs aommonly represented by a
formula A'B" (CN)],-zHO where A and B ions are transition metal ions, ame
periodically arranged. The crystal structure of Bumompounds is shown in figure 1.
The A ions exhibit high spin state and located et #4a (0, O, 0) crystallographic
position, whereas B ions have low spin state odogpythe 4b (Y2, Y2, %)
crystallographic position in the cubic structuretbk compound. The water molecules
reside at 24e (x, 0, 0) coordinated as well asrstigal 8c (1/4, 1/4, 1/4) and 32f (X, X,
X) sites.

Two types of water molecules (coordinated and rmordéinated) are present in PBA
compounds depending on their stoichiometry. Wk&rn= 1, no B(CN)e] vacancies
exist, thus only non-coordinated water moleculesupyg the interstitial positions.
However, wherk/l >1, B(CN)g] vacancies are present in the compound, and gpést
of water molecules, (coordinated and non-coorddjatee present. The coordinated
water molecules reside at empty nitrogen sites. $twchiometries and valence
modulation of theA andB ions lead to change in their magnetic propergesh as
magnetic exchange interaction, ordering temperafgreaturation magnetizatioivig),
coercive field Hc) and remanencévir) [8-19]. Moreover, doping of alkali ions, and by
using external stimuli like light, pressure and theme can also modulate the physical
properties. The presence of water molecules B@GN)¢] vacancies causes structural
disorder in the compounds and thus hinders theigneiic properties [13]. It is,
therefore, very important to make a quantitativeestigation of the structural disorder
in such compounds. In order to study the structtisdrder, we have carried out reverse
Monte Carlo (RMC) simulation study on the neutroiffraiction data of the
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M15Cr(CN)g]-zH,O (M = Fe, Co and Ni) compounds [13ll the compounds ar
synthesized using cprecipitation method at room temperature. The chals
{M(DCI, (M = Fe, Ni), Co(ll)(NG),- 6H,O and K[Cr(CN)s]} were reagent grade, at
used as received from Sig-Aldrich. For the synthesis d¥1; §Cr(CN)g]-zH,O, the
required amounts di.1= Mol and 0.1Mol aqueous solutions (10 ml each)MCI, and
K3[Cr(CN)g], respectively, were prepared and heated sepgnagpetio 40°C for 15 mir

Fig. 1: Crystal structure of A", [B" (CN)g],-zH,O PBAs. The noneoordinated oxygen molcules are
denoted by Q, and resideat the interstitial sites ¢c (1/4, 1/4, 1/4). Another noneoordinated site 32
(X, X, X) is not shown for clarity

The prepared Feglsolution is thereafter mixed with the rapidly sir aqueou

solution of KJ[Cr(CN)s] and heated up to 60°C for 15 min. The precipitdte¢he

required composition was formed. The precipitats Vileered, and washed many tinr

with doubly distilled water and ethanol, and fiyadllowed to dry in airThe neutron
diffraction patterns werezcorded at 300 anc K using the five linear positi-sensitive
detectors based neutron powder diffracton-1l (wavelength, 1=1.249 A) at the

Dhruva reactor, Trombay. We have used the RMCPOMjram [2:-22] to analyze the
diffuse scattering in the neron diffraction data oM; §Cr(CN)s]- zH,O compounds

754

504

254

Neutron Counts x102
(arb. units)

o~

10 20 30 40 50
26 (deg.)

Fig. 2: Measured neutron diffraction patterns ofM; 5[Cr(CN) ¢]- zH,O (M= Fe, Co and Ni) PBA
at 300 K
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Figure 2 shows neutron diffraction patternsMfsCr(CN)g]-zH,O (M = Fe, Co, Ni)
compounds at 300K. The diffraction patterns, fdrca@mpounds show well defined
crystalline Bragg peaks over the modulated backgissuggesting that a large amount
of diffuse scattering is present in the neutroffraition patterns.

In order to determine the atomic positions, anticetconstants of the unit cell for these
compounds we have fitted the neutron diffractiotigras using the Rietveld refinement
method (FULLPROF program)[23-24]. Figure 3 preseRistveld refined neutron
diffraction patterns oM; fCr(CN)g]-zH,O (M = Fe, Co, Ni) compounds at 300 and 6
K. It is evident from the derived results that elimpounds are in single crystalline
phase with facecentered cubifcd) structure of space groupm3m The lattice
constants are found to be ~10.18(9), 10.38(3)d ah0.51(8) A for
Fe fCr(CN)e]- zH,O, Ca g Cr(CN)e]-zH,O and NigCr(CN)g]-zH,O compounds,
respectively.
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Fig. 3: Rietveld refined neutron diffraction patterns for M; §Cr(CN) ¢]- zZH,O compounds at 300 and
6 K {where M= Fe (a), Co (b) and Ni (c)}

It is interesting to see that the Bragg peak (16@rked by arrow is forbidden in the
fitting of the diffraction patterns witkm3mspace grouprF(gure 3. The forbidden peak
could be due to the structural disorder presenthi& compound. Moreover, the
modulated background in the diffraction patternsoasuggests a diffuse scattering.
Therefore, the presence of diffuse scattering ansidden Bragg peak (100) infers that
there is an inherent structural disorder in the poumds.

It has also been found that the neutron diffracpatterns recorded at 6 K do not show
any observable enhancement in the intensity offihdamental nuclear Bragg peaks
(due to the expected magnetic ordering) becauselifhese scattering contribution is
substantially larger than the magnetic contributibigure 4 shows the RMC fitted
neutron diffraction patterns for tha [Cr(CN)g- zH,0 compounds.
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We have used the RMCPOW program, based on RMC aiion$ to quantify the
diffuse scattering caused by the structural disor@ie to water molecules and
[B"(CN)s] vacancies ) present in the compound. GenerayvRid refinement method,
used for refinement of the diffraction patternseslmot have any provision to provide
any information of diffuse scattering. Such infotioa is considered as a background
by this Rietveld refinement method.

15

! O Expt. data

O Expt. data O Expt. data — RMC
$ —— RMC RMC /\  NucDiff. scatterin
¥ /A NucDiff. scattering § /A NucDiff. scattering Difference 9
e < { — Difference a o

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
26(deg.)

Fig 4: RMC fitted neutron diffraction patterns (300 K and 6 K) of M1 5§{Cr(CN) ¢]- zH,O compounds
{where M= Fe (a), Co (b) and Ni (c)}F(20) is the total scattering contribution of neutron
diffraction patterns.

Therefore, we have used the RMC simulation methbdre; the parameters derived
from the Rietveld analysis of neutron diffractioatiern have been used as inputs for
this program. Figure 4 shows the fited RMCPOWgratt of neutron diffraction data
for all compounds at two different temperaturesO(3dd 6K). F£0), the sum of the
scattering amplitudes from all the atoms is plotisd function o#o. It is interesting to
note that the forbidden Bragg peak (100) in thetueid fitted neutron diffraction
patterns (Figure 3) has been fitted well by empigythe RMC program for all patterns
(Figure 4). This confirms that the Bragg peak (18Qjue to inherent structural disorder
present in these compounds. In order to furthentfyadisorder, we have carried out
partial pair correlation function {g(r)} analysisorf all compounds. The partial pair
correlation function is important for finding thecial crystal structure of the compound.
It gives probability of the centre of an atom ategi distance from the center of another
atom.

Figure 5 shows the partial pair correlation funasigy(r) for the coordinated () and
non-coordinated (f) oxygen atoms at 300 K and 6 K fdvl; sCr(CN)g]-zH.O
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compoundsI= Fe, Co and Ni). Based on the input parameterd isehe RMCPOW
calculation, it is clearly seen that,the coordidateoncoordinated (©0,) oxygen
molecules are periodically arranged over the ramg® ~18 A in the configuration cell.
The partial pair correlation functions obtained eaftthe RMC analysis show
confinement of oxygen atoms within the short distarfor all compounds. The
confinement of oxygen atoms is maximum for the cafs€e, s{Cr(CN)g]- zH,O. The
maximum number of oxygen pairs lie within a diserc4 A for all compounds. The
confinement of oxygen atoms within the short distamf ~2-4 A clearly suggests
clustering of non-coordinated oxygenyj@round the coordinated oxygen,J@toms.

4
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Fig. 5: The oxygen atoms partial pair correlationfunction g(r) with distance r at 300 K for
M {Cr(CN)¢]-zH,O compounds {whereM= Fe (a), Co (b) and Ni (c)}. The @O, denotes the
coordinated—noncoordinated oxygen atoms before anafter the RMC simulation

Figure 6 shows distribution of oxygen atoms befane after RMC analysis in a two
dimensional plots for al; {Cr(CN)g-zH,0 compoundgwhere M= Fe, Co and Ni}lt is seen
that, before RMC simulation, the densities of theygen atoms are minimum and
periodically distributed, shown by the yellow colmtensity. However, after RMC
analysis, it has been observed that the densithgeobxygen atoms is maximum at the
center (red color) and it decreases towards thphmey (cyan color) suggesting oxygen
clustering present in the compounds.

The oxygen clustering is very prominent for FE€r(CN)g]- zH,O compound suggesting
a large amount of local structural disorder in & s{Cr(CN)s]-zH,O compound.
Similar oxygen clustering has been observed for @m s Cr(CN)e]-zH,O and
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Ni; §Cr(CN)g]- zH,O compounds however not that prominent as compi@redat for
the FegCr(CN)g]-zH,O compound. In summary, we have carried out detaile
structural disorder investigation of Prussian bdumaloguesVi; s Cr(CN)g]-zH,O (M =
Fe, Co and Ni) using a reverse Monte Carlo simutaton the powder neutron
diffraction data and propose that, The water mdéscand the [Cr(CN) vacancies are
mainly responsible for the structural disorder. Btorer, a clustering of the non-
coordinated oxygen atoms around the coordinatedgerxyatoms has also been
ascertained by the RMC analysis.
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Fig. 6: The distribution and arrangements of oxyge atoms before and after the RMC simulation
for M g[Cr(CN)¢]-zH,O {where M= Fe (a), Co (b) and Ni (c)} compounds in 2-d plan The density
of the oxygen atoms is maximum at the center (2&rystallographic site), and decreases towards
the periphery

The authors would like to thank Dr. A. Das for help in neutron diffraction
measurements.
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Abstract

A prototype two element eye lens dosimeter badge based on highly sensitive a-Al,03:C
optically stimulated luminescence (OSL) phosphor was designed, developed and tested
in laboratory and field conditions. The badge consists of a plastic card in which two
thin a-Al,O3:C OSL discs are placed. The OSL dosimeters when inserted in the plastic
card are covered with two different filters made of i). 0.3 mm thick Cu (1% disc) and ii).
Teflon having thickness of 1.35 mm (2™ disc). The OSLD badge is useful for monitoring
doses from photons and beta particles. In this paper, theoretical results obtained using
Monte Carlo calculations on the energy response of a-Al,O3:C based disc dosimeters
under various filter combinations are presented. In addition, results of experimental
studies performed using eye lens dosimeter badge are reported. In view of various
advantages like multiple readout facility, less processing time, very good beta response;
the OSL based Eye Lens Dosimetry system is likely to be used for monitoring
applications in near future.

Introduction

lonizing radiationsviz. beta particles, photons (X and gamma rays) androre
contribute towards the doses received by the od¢mnzd radiation workers. For
strongly penetrating radiation.€. photons >15 keV and neutrons of all energy), the
quantity to be measured is personnel dose equivadeg{l0) whereas for weakly
penetrating radiations.€. beta particles and photons having energy < 15 kdy®.07)

is defined. For monitoring the doses to the eyes,lghe quantity personal dose
equivalent H(3) is defined as the dose equivalent in tissu@ am depth in the
phantom. It may be noted that the beta particleslaw energy photons (X-rays) are
potential contributors towards the dose to the leps although the contribution from
high energy photons and neutrons is not ruled ®his is due to fact that the beta
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Relative Dose Response

particles and low energy photons have smaller rargedeposit more dose at 3 mm
depth compared to the dose deposition from higlggnghotons and neutrons at the
same depth. Normally, beta particles haviiagk > 0.7 MeV contribute towards dose to
the eye lens as the range of beta particles #ith < 0.70 MeV is < 3 mm. In the
recent International Commission on Radiologicalt&tion (ICRP) recommendations,
the equivalent dose limit (yearly) for the lendtué eye has been reduced from 150 mSv
to 20 mSv (not exceeding 50 mSv in a single yearr)otccupational workers [1]. In
view of this, the eye lens dosimetry is likely &ceive more attention than before [2]
and the monitoring of eye lens doses may be es$entithose situations where
probability of receiving higher doses to the eyeslés not ruled out. In the present
paper, results of theoretical and experimental istucgpertaining to design and
development of eye lens dosimeter are presented.

M aterials and methods

The choice of the-Al,O3:C detector material was made based on the criippéicable
for selection of OSL phosphor for monitoring apgtions as well as the ready
availability of this phosphora-Al,0O3:C OSL discs having thickness of 0.14 mm (25
mg/cnf) and diameter ~ 7 mm prepared by sandwichin ;03:C phosphor having
grain size >75 - <105 pm between two thin transgefiens are studied and explored
for their use in the design of eye lens dosimeters.

a. Theoretical studies
i) Photon energy response studies for bare a-Al,O3: C based disc dosimeters

Monte Carlo simulations were carried out to obtaia relative dose response of the
Al,05:C detector with respect to the dose to tissuegusSliJKA Monte Carlo code [3-
4]. The dose response of the,®4 detector was estimated by simulating mono-
energetic parallel photon beams of varying enerdi@skeV to 1.5 MeV falling on the
bare detector. The statistical error in the simoitest was within £ 3%. The results are
shown in (Fig. 1a)
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Fig. 1: Therelative ener gy response of a-Al,O3 detector with respect to water as afunction of
incident photon energy for variousthicknesses of copper filter(a), tin filter (b) & Teflonfilter (c).
The energy response of bare a-Al,0O3 disc isalso shown

ii) Photon energy response studies for a-Al,0O5:C OSL discs under energy compensation
filters

Studies were performed by evaluating the respohseAd,0;:C based OSLD's under
different thickness of aluminum (Al), copper (Cti, (Sn) and Teflon. The metal filters
were selected so as to correct the over-responstheoii-Al,03:C based OSLD's
especially for lower energy photons. Studies wése performed to study the response
of a-Al,03:C based OSLD's under various thicknesses of Teftoa buildup material.
Results are shown in Figs. 1a-1c [5].

b. Experimental studies
i) Energy response studies

Energy response studies farAl,O3:C based OSL disc dosimeters (bare & under
filters) were performed for X, gamma and beta ttaalia. Irradiations were performed
using X-ray machine (mod&XLON MG325) in narrow beam geometry at a distance
of 2 m from focal spot of X-rays. The dosimetergavkept at a height of 1.5 m from
ground to reduce the scattering effect. Narrow Iseased in above study were N-15,
N-40, N-80, N-100, N-120, N-150, N-200 and N-25@ drad average energy ~10.7
keV, 33 keV, 63 keV, 82 keV, 100 keV, 123 keV, 1&¥ and 213 keV respectively.

In addition, the irradiations were also carried oy using®**Am (60 keV),**'Cs (662
keV) and®°Co (1.25 MeV) photon sources. A build-up of 3 mnd &mm was provided
using Perspex sheets fof'Cs (662 keV) and®Co (1.25 MeV) photon sources,
respectively, for achieving electronic equilibriuidtudies were also performed with
931 beta source. Results of the experimental studysaown in (Fig. 2 a) whereas
in (Fig. 2b), the ratio of the response of OSL diader Teflon to Cu filter is shown.
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Fig. 2: (a) Experimental energy response (freein air) of the a-Al,03:C OSL discsfor photons. The
response (free in air) of a-Al,O3:C OSL discs for photons under 0.3 mm thick Cu filter isalso
shown. (b) Ratio of OSL response of a-Al,03:C OSL discswith 1.35 mm Teflon filter to that under
0.3 mm Cu filter

For the readout of OSLD cards, the OSL reader sysi@s operated in the continuous
wave OSL (CW-OSL) mode at 20 mW ¢mwith blue (470 nm) light stimulation.

Two high power LEDs (blue, ~470 nm) placed at aglamf 45° with respect to the
sample holder are used as stimulation light souncthe reader system. A GG-435
colour glass filter was fixed in front of the blu&Ds to cut off the stimulation

wavelengths below 435 nm. An UG-1 colour glaseffils placed in front of the PMT

(Electron Tube, 9125B) to prevent the scatterechigtiting light from reaching the

PMT [6].

ii) MMD and mutliple readout studies
The background contribution arising due to the dankent, scattered stimulation light

and its dependence on stimulation power was aceduior the OSLD badge reader
system prior to the evaluation of MMD for eye laedssimeter badge. In addition the
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possibility of multiple readout including the depence of MMD on readout number
was explored. Results are shown in (Figs. 3a-3c)[7

5T T T T T —T T T
. ]JR"=0.98 (set of 60 dosimeter discs] 1004 i
Stimulation Power = 20 mw cm?
Gaussian Fit CWOSL curve acquisation time =10s
80 Acquisation interval =0.1 s 4
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404
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Fig. 3: (a) Variation of background signal/counts, (b) Variation of OSL countswith readout
number & (c) Variation of MM D with the readout number for a- Al,O3:C dosimeter discs

Results and discussion

It may be noted from theoretical and experimentatlies thata-Al,05:C OSL disc
exhibits maximum response of 3.49 at photon enefgy33 keV whereas for photon
energies beyond 80 keV, the response is nearlypermteent of photon energy.

o

Lkt 5 3 i Yo et o LN e Sve AR .t
Fig. 4: (a) Two element a-Al,03:C dosimeter card, (b) eye lens dosimeter badge & (c) Proposed eye
lens dosimetry badge showing the two element OSL card along with plastic cassette and energy
compensating filters
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From theoretical and experimental studies, Cu agftbm having thickness of 0.3 mm
and 1.35 mm were found to be optimized filter thiekses in the design of two element
eye lens dosimeter. The designed card, cassettbaaige is shown in Fig. 4. The ratio
of the response of OSL under Teflon to Cu filteaimeasure of the average energy of
the photons and the ratio varies from 25 at 10\ tkel.3 at 80 keV. Beyond 80 keV,
the ratio of the response of OSL under Teflon to filer is < 1.3 and energy
discrimination is not possible.

The readout of the OSL disc below the Teflon fikan be directly correlated tg,(3)
for photons (> 80 keV) and same holds true for lpatdicles having maximum beta
energy beyond 0.7 MeV. However, for photon energy80 keV), the response
correction is required which is obtained by usihg tatio of the readout of the disc
under Teflon filter to that under metal filter. i#t also worth mentioning that water
filled cylindrical phantom having diameter and Heigf 20 cm each was used for
calibration and measurement of(B). The MMD was found to be ~35 puSv. It was
found that the MMD increases with the readout numdnad it may be possible to
perform multiple readouts up to 5-10 times for doseurred up to 10 mGy.

Conclusions

Two element eye lens dosimeter badge usi#f 03:C phosphor has been designed
and developed and is useful for monitoring dosemfphotons and beta particles in
terms of H(3). The badge is capable of measuring photons frorkeV-1.25 MeV and
beta particles from 0.8 MeV-3.54 MeV. The MMD usitig eye lens dosimeter badge
was found to be ~35 uSv. The satisfactory perfoneant the two element eye lens
dosimeter badge along with its attractive featditess multiple readout, less processing
time, very good beta response uniquely positidarimonitoring the eye lens dose.
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Introduction

Wheat is the third most important cereal crop dlybater maize and rice, and second most
important in India after rice. It contributes maxim calories and protein to world diet than

any other crop (1). Wheat breeding has improvedifstgntly and the modern day wheat

cultivars are far better in terms of yield and gyatompared to their ancestors. Wheat
breeding has several challenges ahead like durabigtance to diseases, better quality grain,
enhanced tolerance to changing climate and higiettlsyin marginal and stressed land (2).
Such a scenario has led wheat breeders to shiftrtssasnew molecular biology and genomics
tools to assist in their breeding programs.

DNA based molecular markers are one of the moselywidsed genomic tools by wheat
researchers for screening large populations inrg short time (3). DNA markers give
researchers the advantage of screening the gemmpasn in the absence of a phenotypic
screening facility or when phenotypic screeningplsorious and time consuming. Extensive
research has been carried out in the area of matemarkers and as a result different types
of molecular markers have been developed for whadtother important crops. Sequence
Characterized Amplified Regions (SCARs) and Segeefagged Microsatellite Sites
(STMS) are two of the most popular DNA markers useglant breeding (4). Both being
single locus marker, have the advantage of easg@menient screening.

SCAR markers are very convenient for ascertainireggnce or absence of a particular trait
and hence, have found wide spread use globally.RF5S@wrkers are used in large breeding
projects for gene pyramiding, characterization lggratranslocations, linkage mapping and
many other applications (5). Similarly, STMS masekare also very useful as they have added
advantage of being co-dominant in nature and higlolymorphic within a species. STMS
markers have vast areas of application like massisted selection, linkage analysis,
phylogenetic studies, DNA fingerprinting etc (6)IB&CAR and STMS markers are usually
screened using gel based analytical methods basedgarose or polyacrylamide gel
electrophoresis. However, such methods are cumiersmd laborious, hence can be used
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only for few samples (7). With advancement in molac biology and genomics new
technologies like capillary electrophoresis, autdaio-analyzer systems and fluorescence
based detection, have been suggested as a replacemeegular gel-based methods.
However, currently the cost and infrastructure Iaed in these methods is very high and not
suitable for breeders. Thus simple, time saving @ost effective methods as an alternate to
gel-based screening are highly desirable.

Fluorescent DNA binding dye have been extensivelyduin molecular biology for nucleic
acid studies in areas of expression analysis, deames detection, nucleic acid characterization
(GC content) etc. SYBR Green dye in particular is wydaked in PCR based assays to
monitor reaction progress and product specifiy Melt curve assay are DNA dissociation
studies done to characterize DNA for its GC contbtait curve assays using fluorescent dyes
drastically increase the resolution of amplicoredgbn, which has reached today even up to
single base pair with improved dyes. Hence, dyeddNA melting curve analysis can be
used for ascertaining presence or absence of &ispaoplicon in a gel-free manner. In this
study, we demonstrated utility of SYBR Green dysdshmelt curve analysis for analyzing
SCAR and STMS markers in wheat, in a rapid andrgel-nanner.

Material and Methods
Seven SCAR markers vi&24, 26, 31", 331, Pina, Pinb andGlu-D1d related to stem
rust resistance and quality traits of wheat wereested using SYBR Green based melting

curve analysis in Indian wheat varieties (Table 1).

Table 1: List of wheat genotypes used for screenirgCAR markers

S. Gene/ Genotypes
No. Locus
1 S24 Vaishali, Vidisha
Kalyan Sona
2 26 Kite, Flinder, Harrier,
King, Jabiru, Takari
Kalyan Sona
3 S31 PBW343
Kalyan Sona
4 Pina” Agra Local, Sonalika,
Flinder, Kite, Harrier,
Jabiru
5 Pinb® HUW?206, Kanchan,

PBW343, MACS2496,
Vidisha, Kalyan Sorfa
6 Glu- PBW343, Kalyan Soria
D1d

(* non-carriers of respective genes’: Pina carriers were used as non-carriers oPinb and vice
versa)
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In addition, 45 STMS markers belonging to A, Bldh genome offriticum aestivum L.
were analyzed in 12 wheat genotypes (Kalyansorehalika, C-306, TWM-89, Vaishali,
Kite, Flinder, HW-2021, NIAW-917, PBW-343, ChineSering, LWH) using SYBR Green
based melt curve assay.All the markers were PCRIifiedpon Mastercycler ep Realpléx
PCR machine (Eppendorf, Germany) using previousported cycling conditions. Briefly,
PCR mix consisted of 2-5 picomoles of each prir@&) uM of each dNTP, 50-100 ng of
genomic DNA, 2.5 ul of 10X buffer (15 mM Tris-Cl pH0, 50 mM KCI, 0.01% gelatin) and
1.0 unit of Taqg DNA polymerase along with SYBR green dye at 1)a&fiooncentration. Post
PCR melting curve analysis was performed with apraate of 3.5°C min. The raw melting
curve analysis data was converted to the negatstedierivative as a function of temperature
to identify maximum intensity changes (represerdsdpeak curves) using the Eppendorf
Mastercycler ep realplex software (Ver 2.2).

Results

SCAR and STMS markers could be successfully areplifin PCR reactions with sizes
matching with reported sizes (Fig. 1).

3 45 6 7 Mb

S=p
872 =
603 = 1000
310
2711281 =800
600
1947
=400
W 200

Fig. 1: PCR amplified SCAR markers from representaive wheat genotypes analzyed on agarose
gel: Lane 1:Sr26 (207 bp), Lane 2:Sr24 (607 bp), Lane 3:5r31" (576 bp, indicates presence @&r31
gene),Lane 4: Sr31 (~1100 bp, indicates absence 631 gene), Lane 5Pina (330 bp), Lane 6:Pinb

(447 bp), Lane 7:Glu-D1d (478 bp). Lane Ma indicates DNA marker @X174 DNA ldaelll digest)

and Mb indicates 100 bp DNA ladder

Amplification of these markers in the presence ¥BR Green dye was optimized and
clean amplification were obtained for each markénique melt curve profiles for
individual SCAR and STMS markers were generatedAS@arkers had following Tm
26 (207 bp, T.: ~81°C),S24 (607 bp; T ~85°C),31" (576 bp, T ~90°C),S31

(~ 1100 bp, F: ~83°C) Pina (~330 bp, ~92°C)Pinb (~447 bp, ~92°C), anGlu-D1d
(~478 bp, ~93°C) (Fig. 2, A-D). STMS markers showeézhn amplification and could
be screened for presence or absence in all the.dassome examples STMS markers
alleles could be distinguished based on meltingecprofile.
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Fig. 2: SYBR Green dye based melt-profiles of SCARarkers linked to the following genes: (A)
Sr26, (B) Sr31%, (C) Pina, and (D) Glu-D1d. Blue profiles indicate presence of a marker whileed
profiles indicate absence

Discussion

DNA based molecular markers are extremely usefuMarker Assisted Selection (MAS)

especially in case of traits where phenotype basa@ening is not possible or very
cumbersome. Single locus markers such as SCAR amiSSare convenient to use and
hence, widely used for MAS. However, both SCAR &8MS markers are routinely

screened using gel (agarose and polyacrylamide lgdied electrophoresis methods. Gel
based methods limit the throughput and ease ofesitrg especially in case of large
experimental population (9). SYBR Green based maite analysis provides an alternative
method for quick and cost effective screening afjld locus markers without modifications
in existing standard protocols and without useddfi@onal proprietary kits.SYBR Green is a
fluorescent DNA binding dye widely used in quariita PCR experiments for monitoring

reaction progression and amplicon specificity usimadting (dissociation) curve analysis (10).
In MAS, usually large number of population has ® drreened for specific locus using
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SCAR, STMS or other markers. Gel-free and econdmicathods for screening large
populations are highly desirable.

SYBR Green incorporated in regular PCR mix coulgifynand detect specific amplicons in
the current study. All seveBCAR markers yielded clean melt profiles the caraied non-
carrier genotypes could be screened without amigi@imilarly, around 45 STMS markers
also yielded clean melt profiles. STMS melt prcfileould easily distinguish the presence or
absence of the allele and to some extent evencaliatiants of the locus. The method has an
advantage over other methods since screening was dsing regular PCR reagents and
previously reported primers and conditions.We hals® optimized multiplex detection of
two SCAR markers, two STMS markers, and two diffierleles of same STMS markers.

Amplicons having very distinct melting temperatufBm) could be easily detected by
multiplexing on the basis of melt curve assay. HeereSYBR Green being a low resolution
dye cannot discriminate clearly amplicons with velgse Tm, and hence for such cases other
more sensitive methods like HRM must be used. Miglki based screening of these markers
drastically reduces the cost and time involveddresning and reduces the work load.The
SYBR Green based melt curve approach was foundcte B0% cheaper than agarose gel
based method which is routinely used for markeedein. In addition, it is much cheaper
than other commercially available technologies ldapillary electrophoresis, probe based
SNP typing, and HRM curve based methods. Hence,FS®&Been dye based low resolution
melt curve assay can provide an alternative tolaglyuwused gel based methods.
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Abstract

This study reports development of novel graphene reinforced interpenetrating networks
of carboxymethyl cellulose (CMC) and polyvilyl alcohol (PVA) for controlled drug
release applications. The nanocomposites were made through solution blending and
sonication assisted dispersion technique. Different crosslinking densities were imparted
in nanocomposites using different doses of high energy radiation. The elastic modulus
of the polymer composites increased by four folds with increasing the graphene content
from 1 wt% to 3 wt%; however, no significant change in the elastic modulus was
observed on further increase in graphene concentration. Mass uptake kinetics changed
significantly; though, the transport mechanism was found to be anomalous in all the
nanocomposites with increase in radiation dose. With the addition of 3 wt% graphene,
there was a marginal increase in the time for 60% drug release (Tgp). However, Teo
increased by 100 % with an increase in radiation dose from 25 kGy to 150 kGy,
suggesting suitability of these matrices in controlled drug release applications.

Introduction

Controlled and targeted drug delivery is a major challenge faced in achieving
therapeutic success, greatly affecting therapeutic efficacy and patient compliance [1-2].
Polymers, both synthetic and natural, are extensively explored for such applications,
and constant drug release. Graphene, due to its exceptional properties, is actively
researched for modulating drug release kinetics as well as for matrix reinforcement [3-
4]. Polyvinyl acohol (PVA) is a hydrophilic polymer having good water swelling,
mechanical and physical characteristics [5]. It has been extensively explored for
different pharmaceutical applications. Carboxymethyl cellulose (CMC), on the other
hand, is a derivative of cellulose; it has excellent water uptake and mucoadhesive
characteristics. PVA/CMC blends therefore can be used to tailor different drug release
and mucoadhesive behvaiour. High energy radiation is an additive free tool to crosslink
different polymer matrices [6-7].1t is clean, room temperature and environment friendly
method. PVA and CMC both can be crosslinked by high energy radiation and are
explored for different biomedical applications [6].This study reports for the first time
the effectiveness of gamma radiation synthesized PV A/CMC/graphene interpenetrating
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polymer nanocomposites for the controlled release of an antibiotic drug,
doxycline.Preliminary efforts were made to analyze the effect of graphene content and
radiation dose on the release behvaiour of doxycline. Mechanical and swelling
behvaiour of matrices were aso investigated to understand effect of graphene on the
matrix reinforcement which is expected to help in the development of the mucoadhesive
buccal drug delivery systems.

Material and methods

CMC (Mol. weight = 2,50,000 D) and PVA (Mol. weight = 85,000 D) were procured
from M/s SD Fine India Doxycycline and %raphene powder (purity 95%, sheet
thickness: 3-6 nm, average surface areac >200 m“/gm, aspect ratio: 70, specific gravity:
2 gm/cc) were purchased from Aldrich and Otto Chemie Pvt Ltd, Mumbai, India,
respectively. Double distilled water was used for preparing solution and swelling
studies.

Synthesis of PVA/CM C nanocomposites

10 wt% and 5 wt% PV A and CMC agueous solutions were prepared in double distilled
water at 80 °C. Different fractions of graphene were incorporated in PVA/CMC solution
mixture. The homogeneous graphene-polymer mixture was transferred to petri dishes,
and exposed for different gamma radiation doses using a gamma chamber 5000 (GC-
5000) under inert atmosphere to yield crosslinked polymer nanocomposites. The dose
rate of the GC was ascertained to be 1.2 kGy/h by Fricke dosimetry prior to irradiation.

Physico-mechanical properties

The thickness of the samples were determined to the nearest of 0.01 mm. The tensile
strength and elongation at break of the sample of thickness 0.1 mm were measured
using a universal testing machine supplied by M/s HEMETEK, Mumbai, INDIA at
crosshead speed of 10 mm/min at room temperature.

Drug release studies

The PVA/CMC nanocomposites of known dried weight were immersed in known
volume of 10 mM Doxycycline solutions for 24 h with continuous stirring, until
equilibrium was reached. The samples were dried and drug release kinetics from those
was followed spectrophotometrically using a caibration curve for doxycycline.
Available standard procedure was followed for buffer solution, calibration curves, drug
loading and drug rel ease kinetics measurements.

Resultsand discussion

Effect of graphene on elastic modulus

Figure 1 shows the effect of graphene on the eastic modulus of PVYA/CMC blends.
Elastic modulus increased with the addition of graphene up to 3 wt% and there was no
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further increase in the elastic modulus at 5wt% graphene loading. In the present system,
there was fourfold increase in the elastic modulus with an increase of graphene content
1 wt% to 3 wt% graphene. This suggests significant reinforcement of the matrix;
though, a dlight decrease in modulus was observed on further increase in graphene
content. Several studies have reported decrease in mechanical properties on higher
loading of nanoparticulate fillers and have attributed this phenomenon to the
agglomeration of nanofillersin the matrix [4,6].

2000+
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0

Modulus (Mpa)

1% G 2% G 3% G

PVA-CMC (0.2) wt ratio

5% G

Fig. 1. Effect of graphene on the elasticmodulus of PVA/CM C nanocomposites
Effect of graphene content and radiation dose on mass uptake kinetics

Mass uptake kinetics of the PVA/CMC nanocomposites with (Gr 5%) and without
graphene (Gr 0%) is shown in (Figure 2.) Mass uptake increased with time and attains
equilibrium; the diffusion kinetics was determined using the mass uptake equation as
mentioned below (equation (1))
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Fig

. 2. Water uptakekinetics of the PVA/CM C composites with different radiation doses
(graphene content 3wt%)
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where M and M., are mass uptake at time t (in seconds) and equilibrium, k and n are
constants. The initial data up to 60% uptake was fitted to the equation and the vaue of
constants was evaluated. The value of n was 0.67 for Gr 0% and 0.77 for Gr 5%. Both
matrices followed anomalous diffusion, though, with the addition of graphene,
deviation from Fickian transport increased. Shen et a have investigated effect of
graphene on the swelling properties of acrylic acid and demonstrated that solvent
transport mechanism is nearly Fickian and there was a reduction in equilibrium degree
of swelling [4]. They aso reported increase in n value with the addition of graphene.
The dlight disagreement between our results and their results might be due to the fact
that they have used in-situ polymerization which is expected to have better interaction
between filler and polymer matrix. However, this strategy is difficult to implement in
polymers which are derived from natural sources such as CMC. Zhang et al have
explored graphene oxide/ polyacrylamide / sodium carboxymethylcellulose
nanocomposite and also reported reduction in n value, supporting our results [3]. High
energy radiation had profound effect on the diffusion kinetics (Figure 3).

-0.2
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0.4

o
)
1
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Ilog(mt/mli)

o
©
1

25 kGy

-1.0

15 log t(sec) 2°

25

Fig. 3: Water uptakekinetics of the PVA/CMC
composites with different radiation doses
(graphene content 3wt%)

At 25 kGy, the solvent diffusion kinetics was very fast which decreased substantially on
irradiating the matrix to 150 kGy. The n value was found to be 0.823, 0.723 and 0.512
a 25 kGy, 75 kGy and 150 kGy, respectively. These results can be attributed to the
changes in crosslinking density with increase in radiation dose. Since PVA forms
crosslinked network on irradiation, the diffusion and relaxation of polymer chains might
reduce, profoundly affecting mass uptake kinetics.

Effect of radiation dose and graphene on drug release kinetics

Figure 4 shows effect of radiation dose on the drug release kinetics. It can be seen that
in al cases the drug release increases with time and attains a plateau. The
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nanocomposites irradiated to 150 kGy had the slowest release whereas the release was
highest in the nanocomposites irradiated to 25 kGy.

S A
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B N
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0 T T T
0 5 Time (M)
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Fig. 4: Effect of different radiation doseson
doxycyline release [Graphene 3wt%)]

The time for Tgy Was determined to be 2.67 hrs, 3.49 hrs and 4.58 hrs for 25 kGy, 75
kGy and 150 kGy, respectively. To further evaluate the drug release process, the
kinetics of drug rel ease was studied using following relation (2)

CIC.=k"

where C; and C,, are the cumulative drug concentration at time t and at equilibrium. n, k
are constants related with the type and rate of drug release. The value of n was
calculated as 0.59, 0.67 and 0.68 respectively (Figure 5).
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Fig. 5: Effect of different radiation dose on doxycylinerelease kinetics [Graphene 3 wt%]

This suggests that drug release process is anomalous in al the samples. Radiation
induced increase in the crosslinking density can be ascribed to the observed retardation
in the drug release kinetics [10]. Effect of graphene on the drug release kinetics is

presented in (Figure 6.)
1.0 = 1.0 - =
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Fig. 6: Effect of different graphene on doxycyline release kinetics [Dose 100 kGy].

It was found that graphene had little effect on the drug release kinetics; Tgo increased from 1.3

hrsto 1.75 hrs and the n value changed from 0.64 to 0.61 with the loading of 3 wt% graphene
(Table 1).

Table 1. Drug release kinetics parameters of the PVA/CM C nanocomposites

Sample/parameter Gr Gr3 28 S 130
Pampiep 0% W% KGy KGy KGy
Time for 60% drug 1.3 1.75 2.62 3.46 4.45
release hrs hrs Hrs Hrs hrs
n 0.64 0.60 0.59 0.66 0.67

4 5 4 8 8
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Thisis apeculiar finding, as nanoparticles are widely reported to affect the drug release
behvaiour. The observed behvaiour can be attributed to the fact that graphene does not
affect the crystallinity of the system and the weight fraction of graphene is too low to
impart steric hindrance.

Nonetheless, reinforcement without significant affect on the drug release kinetics is
desirable in severa applications; particularly in cases where matrices with mechanical
strengths are desired, at the same time, it is expected that nanofillers are not affecting
the drug release behvaiour such as mucoadhesive matrices, implants, patches or stimuli-
sensitive drug rel ease formulations.

Conclusion

The results suggest that graphene reinforced PVA/CMC blends can be used in
controlled drug release applications by imparting different doses of high energy
radiation. Graphene significantly enhanced the elastic modulus of the blends; it however
had a marginal effect on the drug release behvaiour. Radiation dose affects Tgo
profoundly and leads to 100% increase in Tgp, With an increase of dose from 25 kGy to
150 kGy. Mass uptake results suggest anomalous diffusion in all the samples. These
results highlight that PV A/CM C/graphene nanocomposites can be used to develop high
performance scaffolds, implants, mucoadhesive patches and controlled drug release
formul ations.
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Abstract

Over the past few decades, time-resolved coherent anti-Sokes Raman scattering
(CARS) has evolved as a versatile tool for studying dynamical processes with
pico/femtosecond time resolution. In this contribution, we describe the development of
an experimental facility for the time-resolved coherent anti-stokes raman scattering
spectroscopy and its application to study the vibrational dynamics of molecules
containing nitro (NO;) group. CARS experiments were carried out in neat liquids of
nitrobenzene, nitromethane and their mixture. The CARS transient shows rich beating
structure corresponding to frequencies as high as 10 THz. The fourier transform of the
transient allows accurate determination of the vibrational energy differences.

Introduction

Coherent Raman spectroscopic techniques are noelyl@ing used as an alternative
to conventional Raman spectroscopy due to its sighal levels and coherent nature of
the signal. Coherent anti-Stokes Raman scattering (CARS)nis of the coherent
Raman techniques that has evolved as a versatilaitpie for material characterisation
and imaging in various areas of science.

Though experimentally complex compared conventidteinan, the high signal levels
and natural rejection of fluoroscence eliminates tiost common factors plaguing the
applicability of conventional Raman spectroscopy.

Additionally, CARS using ultrashort pulses makesmeiresolved measurements of
ultrafast dynamical processes possibleThe broad spectral width of femtosecond
pulses enables simultanoeus excitation of multiplerational modes. In this
contribution we describe the experimental facilfty time-resolved CARS using
femtosecond laser pulses and results of time-redolmeasurements of vibrational
dynamics in nitrobenzene and nitromethane. Manhethigh energy materials contain

376




FOUNDER’S DAY SPECIAL ISSUE 2015

nitro groups and the aim of the CARS experiment teasxplore the applicability of
CARS in deciphering the vibrational dynamics ofthenergy materials.

Materials and M ethods

The experimental setup for CARS is described imitletsewherg Briefly, the pump,
Stokes and probe pulses for the CARS experiment wderived form two optical
parametric amplifiers (TOPAS, Light Conversion) bqtumped by800 nm, 1mJ
pulses of width~ 50 fs from an amplified femtosecond laser system (Ampht
Technologies, Trident-M,1 KHz). The pump and probe pulses were of the same
wavelength and was derived from one of the OPA wstpsing a 50/50 beam splitter.
The pump and stokes wavelengths we$® nm and 635 nm respectively and were
tuned to a wavenumber difference 1200 cm™t. The broad spectral width of the
pulses enabled excitation of Raman modes withiegion of + 500 cm™! from the
centre of excitation. The three beams were arramyddided-BOXCARS geometfy
for ensuring phase matching and focussed ontoahple using a lens of 10 cm focal
length. The spatially seperated CARS signal froenghmple is collinated using another
lens (f=10 cm) and sent to a spectrometer (ANDORNSbck) attached with a TE
cooled CCD (ANDOR Newton). The time delay betwdan pulses were adjusted using
computer controlled linear translation stages (NawplLS 150) mounted with
retroreflecting mirros. Neat liquids of nitrometleaand nitrobenzene were used for the
experiments.

Resultsand Discussion

CARSon Nitrobenzene

e time-resolved CARS transient of nitrobenzenehisws in figure 1. The transient
shows well defined beating structure arising duthéoexcitation of different vibrational
modes which fall within spectral width of the exation pulses. A frequency slice of the
transient is shown in figure 2a and shows the mastiulations of the CARS signal
arising due to the beating between the differentited vibrational modes. The
frequency difference between the beating vibratiomades can be determined from the
fourier transform of the transient which is showrFigure 2b.

Wavenumber (cm)

[0} 1000 2000 3000 4000
Delay Time (fs)

Fig. 9: Timeand frequency resolvedCARS spectrum of nitrobenzene

377




FOUNDER’S DAY SPECIAL ISSUE 2015

(@

Magnitude (arb. units)
Magnitude (arb. units)
L

T T T T T T
0 2000 4000 6000 0 100 200 300 400 500
Delay Time (fs) Frequency (cm-1)

Fig. 10: a) Timeresolved CARStransient showing rapid modulations (spectral dice).
b) FFT corresponding to thetransient showing the beat frequencies

The beat frequencies seen in the fourier spectrbows peaks at wave number
positions20 cm™1,103 cm™1,238 cm™! and 337 cm™1. These peaks correspond to
the frequency difference between ®%3 cm™?1,1003 cm™1,1022 cm™1,1107 cm™?
and 1347 cm™?! vibrational modes of nitrobenzene. The highestt Besgquency of
337 cm™! between the nitrobenzene vibrational modes0@3 cm~! and1347 cm™?!
corresponds to a frequency @D.1 THz. This is indicative of the high temporal
resolution of the experiment which enables probefgterahertz phenomena with
appreciable accuracy.

CARSon Nitromethane and Mixture
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Fig. 11: a) CARStransient from 1:1 (by volume) mixture of nitromethane and nitrobenzene. b)
CARS transient from pure nitromethane
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Similar experiments were carried out in nitromethamd a mixture of nitromethane
and nitrobenzene (1:1 v/v). The nitromethane CARSdient is dominated by a single
Raman mode &817 cm™! and hence did not show any beating structure rdigib)
where as the CARS transient of the mixture showedutations of the CARS signal
(figure 3a) similar to the case of nitrobenzeneurkey analysis of the CARS transient of
the mixture showed an additional beat frequency pment at86 cm™! (figure 4)
which arises from the beating between the vibraliomodes of nitromethane
(917 cm™1) and nitrobenzen€l 003 cm™1).

Magnitude (arb. units)

T T T v T T T T
(0) 100 200 300 400 500
Frequency (cm™)

Fig. 12: FFT of the CARStransient of mixture

The presence of additional frequency componentsarCARS transient can be used as
a signature to identify components in a mixturetfrer analysis is being carried out to
extract the dephasing time of different participgtvibrational modes and to analyse
how the dephasing times are influenced in a mixture
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Introduction

The high sensitivity of inductively coupled plasmmass spectrometry (ICP-MS) makes
this technique suitable for reliable and rapid Inordeterminations. However,

determination of boron at ultratrace levels by IKB-is often plagued by significant

memory effect. Boron is known to stick to the glasses in the sample introduction
system of ICPMfL].

This necessitates long washing times after evemypbkarun to eliminate the memory
from affecting the subsequent samples.Many methualgee been reported in the
literature to minimize memory effects of borp? 3, 4]. Sunet. al. [5] had examined
the memory effect of boron using different diluénitse solutions — water, nitric acid,
Triton X-100, ammonia and mannitol.

A combination of ammonia and mannitol, when usetath diluent and flush solution,
gave reduced memory effect and low background @ dbatermination of boron by
ICPMS in biological fluids. However, use of mantiémnmonia mixture as diluent for
the sample in their study resulted in significamertap of 12C+ peak on 11B+ peak;
hence 10B+, the isotope with lesser abundance dduk tused for quantification of
boron concentration, resulting in a loss of sevigjti Sunet. al. [5] and Al-Ammaret.

al. [6] had reported that a primary source of the memfiegtewas the volatilization of
sample droplets giving rise to boric acid in theagpchamber. In order to eliminate the
memory effect, a small amount of ammonia gas wss iatroduced into the nebulizer
gas flow[ 6] .

We have reported earlier a flow-injection ICPMS Inoegt for the determination of boron
isotope ratio[7], wherein the introduction of microlitre volume sample in flow
injection analysis (FIA) helps in the reduction memory effect when compared to
direct solution nebulization. In the present wdhHe combined use of a spray chamber
coated with a siliconizing fluid and the use of awl flow-rate nebulizer has
minimized/eliminated the memory effect of boronidgrdirect solution nebulization.
The results of this study are discussed below.
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Experimental
I nstrumentation

A VG Plasmaquad 3 Inductively Coupled Plasma-QuaalriMass Spectrometer (VG

Elemental, Winsford, Cheshire, UK) situated in assl 100 laboratory was used in this
study.A micro-flow nebuliser - SeaSpray™ [AR35-1&04] - was used for sample

introduction through a water cooled (1°C) Scottetypouble-pass spray chamber.
Parameters such as plasma rf power, nebulizer lgas dnd lens voltages were

optimized daily by aspirating a 10 pg L-1 boronusioin prepared from boric acid in

5% HNOS3 passed at a flow rate of 200 uL min-1. fidkegents were introduced using a
peristaltic pump (REGLMigital MS-4/12, ISMATEC, Switzerland).

Coating the spray chamber

The interior walls of the (Scott type double pasater cooled) quartz spray chamber
used in the sample introduction system in ICP-QM8&s coated with a hydrocarbon
soluble siliconizing fluid —5% (v/v) dimethyl diahiosilane in carbon tetrachloride.

About 10 mL of the solution was poured into theagpchamber, slowly rotated to

completely wet the whole inner surface and this e@stinued for 15 min. Any traces

of liquid were drained and the spray chamber wadréd and then heated using an IR
lamp for 30 min.

Fig. 1: Profile showing the effect of coating theay chamber on the memory between two
successive samples with sample concentration of lsor varying between 140-600 pg L-1 in
different water samples

Results and Discussion

Surface treatment with siliconizing fluids helps teduce adsorption of polar
compounds, proteins and trace metals onto glassfacesr [8]. The

dimethyldichlorosilane deactivates the silanol &8 groups on the glass surface,
resulting in a hydrophobic surface that resistsspewific binding. The effectiveness of
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the spray chamber coating was evaluated by anglyainset of water samples
(groundwater and wastewaters) (SAM1-SAM9 in Fig.wifh concentration ranging
from 140-600 pg L-1. The concentrations were s@ehdo see the effectiveness of the
coating in eliminating the memory effect. A rinsgution of 5% (v/v) HNO3 was used
for washing between two successive samples. Thee rsolution was passed at the
maximum speed of the peri-pump during washing. rAdtevash for 30-40 s, the boron
signal of the rinse solution equals the value meskat the beginning of the experiment
(Fig. 1), whereas in the absence of coating thaysginamber with siliconizing fluid, the
time taken for eliminating the memory effect of tmowith the same rinse solution is >
200 s. The samples and the rinse solution wereyzedhlalternately for their boron
content, every 3 min. Results of this experimeattabulated in (Table 1.)

Table 1: Elimination of boron memory effect by coating the nner walls of the spray chamber with
siliconizing fluid and using 5% (v/v) HNO3 as rinsesolution

Time of Concentration of boron in Concentration of
measurement rinse solution boron in sample
(min) (g L-1) (n=3) solution
(g L-1) (n =)
0 9.0+0.4
3 169+0.7
6 9.2+0.2
9 203+25
12 8.9+0..
15 355+2.7
18 111 £0.:
21 352+26
24 10.7 £0.5
27 564 + 2.¢
30 106 £0.7
33 310 £3.:
36 11.2+0.3
39 143+1.9
42 11.6 £0.¢
45 204 +£1.2
48 10.9 £ 0.¢
51 288 £2.0
54 11.3+£0.5

The concentration of boron in the rinse solutiors watially determined to be 9.0 £ 0.4
Mg L-1. As may be seen from the table, at the dndl lmour of sample analysis, the
concentration of boron in the rinse solution haseased by only 2 pg L-1 and had
stabilized close to 11 pug L-1. This demonstrated the contribution due to memory
effect is not significant in the coated spray chamtbespite the wide variation in the
concentration of boron in the water samples.

Comparison with other methods

The use of mannitdl5] and ammonid6] as diluents has resulted in loss of sensitivity
of boron. In addition, the use of mannitol by Ssinal. [5] , gave rise to a huge
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interference on the most abundant isotope of ber@iB+ due to 12C+ and therefore
10B+ was required to be used for quantification.thle present study the combined use
of nitric acid and coated spray chamber, did nowshny spectral interference on both
the isotopes of boron (10B+ and 11B+), that mightéharisen had there been leaching
of the coating material. This shows that the spcdwamber coating was stable
throughout the experiment. The 10B/11B isotopeoratcorded throughout the
experiment matched with natural isotopic ratio. eemither isotope can be used for
guantification of boron in various types of watkr.the present study both, coating of
spray chamber with siliconizing fluid and the u$éow flow-rate nebulizer, had helped
in minimizing/eliminating memory effect of boron.

Conclusion

The coating of the spray chamber with a silicorgZiluid results in a fast wash-out of
boron memory between two successive samples bgtdiodution nebulization.
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