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Editorial

Radivisotope and radiation technaology
programme of the Departmental of Atomic
Energy plavs a pivotal role in the societal
applications of nuclear Science and
Technology India. Radioisotope production is
the first step toward harnessing the henefits of
the radiation emanating from useful
radioisotopes for improvement of gquality of
life. £ am confident that the presemt bulletin,
guest edited by Dr. Sudipra Chakraborty, an
experienced radiochemist in the field of
radioisotope  production, will provide in
depth coverage of various aspects related
to the production of radioisotopes. I hope
this thematic bulletin will help voung
radiochemisis to understand all the practical
issues related to radioisotope production.

I thank Dr. Sudipta Chakraborty for
agreeing to be the Guest Editor of this bulletin
and the efforts he has put in bringing it out

Editor : Ashutosh Dash
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From President’s Desk

Degr Members
Wish you a sclentifically exciting and acgdenrically sanisfving new vear 2017,

L am glad that the much delayed IANCAS thematic Bulletin is about to be published. There are two major comman
links among the members of TANCAS, namely IANCAS website and TANCAS thematic Bulleting besides continuouy
interdetion fora fike workshops, seminars and conferences.

Contingows efforts by managing committee members and @ few enthusiastic experts have resulted in the updare of
TANCAS Website. For sure,  enough scope exists to improve further It the cirrent e-age, it is.a matter of Hime that our
thematic bullering will ondy be made available online o as o enhance vase of aceess ta the information to members ay
wedl ay nen-members, and to reduce the cost of printing and posting, D earmestly appeal to all the members of IANCAS
to wpdate their email ids, inform fellow members abowt the need o provide email ids and ler the seientific and
academic community know about our website,

One of the major non-povwer applivations of nuclear energy progranmme or nuclear industry is applications of
radioisotapes and radiations in a variery of fieldy like fiealth carve, industry, agricalture, livdrology, life sciences,
pelliation conmtred and research & development. It iy worth recollecting the efforts of pioneers, particulorly Georg de
Hevesy who was first 1o identify the ability of radioactivity (radioisetopes) 1o trace the path of a regction and applying
the same. He vecollected how i all began.in an IAEA conference held in 1964 in Salzburg, Austria. Hevesy joined
Rutherford in University of Manchesier s Institute of Physicsin 1911 One deay, Ruiherford gave a challenging chemical
separation problens to Hevesy by saving "My boy, if vou ave worth your salt, vou separvate Radium D frone all thay
nuisance lead." Hevesy accepled the assignment and later recalled, “being a voung man, | was an oprimist and felt sure
that I should suceeed inmy task " Radivem D could not be separared from the stable lead, as is known later thar Radium
D is-an isotope of leadl “"Ph). In his own words, “To make the best of this depressing stiation, | thoupht o avail
myself of the fact that radium D is inseparable from lead and to label small amounts of lead by addition of radium D
af known activity,” a preat infuition. bat based on logical deduction. The conceprs of radivactive indicator and radio
triacer were born with his subsequent warks, It {s well documented that later he applied radiotracers in many stidies
including fife sciences.

Important criteria of choosing a radivizetope for an imtended application ave half life, tpe and energy of radiations
emitted, case of avadlability, cost of production etc. A large number of isotopes are identified for a variety of applications.
Mast impaortant step in this divection is production af rdatoisotopes and their prrocessing to suite an application. Candinal
principle of radigisetope. production 15 1o disturh the nentran to proton ratio of a stable sotope by inductng noclear
reactions using either neutrans or charged particles. Theme of the current IANCAS Bulletin is “Radioisotope Production”
and a glance at the contents gives an impression that all aspects of radioisotope production have beendiligently
covered by experts It Ix hoped thar praise worthy efforts of contribitors, Guest Editor and Editor vesilted in o good
reference material on prodiction of radivisotopes.

I waenld like to shave with members that a request was recetved from Divector, 108 Bhubaneswar to form Eastern
Chapter of IANCAS with 10P us the center. Over the last few vears, [0P has beéen in forefront in extending its
coaperation to IANCAS activities in Eastern vegion, particelarly in Odhisha. In thie fortheoming AGM during NUCAR
207, the proposal will be discussed, On personal behalf welcome the (dea and appreciate the effores of 10R

All the members are wrged to use the website for interacting with EC and other members,

A VR Reddy
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From the Secretary’s Desk

Dear All Life Members,
Wish vou a happy, healthy and prosperous New Year 2017

Publication of thematic bulleting is one of the most important activities of IANCAS apart from conducting
workshops in various academic institutes on Nuclear Sciences in general and “Radiochemistry and
Applicarions of Radioisotopes™ in particilar. IANCAS bulleting are very popular among the members of
DAE as well as academic institutes. I am very happy that the curvent bulletin on the topic " Production of
Radinisotopes™ having six articles is being brought owt by IANCAS. Radieisotope production is a very
impartant work carried out by many researchers and Engineers of the Department towards achieving societal
benefits of nuclear energy program. Radioisotopes find applications in the areas of food, agriculture, industry,
health care and research. Through newtron activation roure, radioisotopes like “Mo, “Co, '1, "Au, “Br,
" Zn and VP are being produced mainly by Dhruva research reactor and Sr by FBTR. Whereas carrier free
radivisotopes like "F, *'Tl and " Ga are being produced by Cyelotron at VECC. On behalf of IANCAS, 1
thank all contribuwtors for their excellent articles on the subject of interest. | thank Dr. Sudipta Chakraborty,
RPhD, BARC for accepting our request lo be the Guest Editor and alse contributing an article. We thank
Dr: A Dash, Head, RPhD & Editor, IANCAS for his valuable guidance & support in bringing out this Bulletin.
We are in the process of bringing out two move bulleting soon in this FY 2016-17.

I take this opportunity 1o inform vou that with support from many resource persons and senior
scientists from BARC and other wnits of DAE, IANCAS has successfully conducted a total of 94 national
workshops and many one-day workshops. To cater to many requests from various institutes, IANCAS
has started Two-Dav workshops from 2015 onwarids.

IANCAS thanks BRNS, DAE for the financial support for printing of IANCAS bulletins, IANCAS
thanks Director, BARC, Chairman, BRNS and Chairman, AEC for their support and encouragement.

R. Acharya
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Production of Radioisotopes

Guest Editor

Dr. Sudipta Chakraborty
Radiopharmaceuticals Division
Bhabha Atomic Research Centre
Trombay, Mumbai 400 085
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FOCUS

Dr. B. S. Tomar
Director, Radiochemistry and Isotope Group, BARC

Radioisotope production as well as application is one of the most important programs of Department
of Atomic Energy (DAE), India. Radivisotopes find a varietv of applications in diverse fields such as
human healthcare, industry, agriculture, food preservation, environmental stuwdies, water resource
management and chemical research. A major breakthrough in nuclear science was achieved in 1934,
when Frederic Jolier and Irene Curie demonstrated the production of first artificial radioisotope “'F, by
bambardment of alpha particles on Al target. This was closely followed by another path breaking
discavery by George De Hevesy, who had shown the utility of antificially produced radioisotope “F as a
radiotracer. The invention of cvelotron and setting up of nuclear reactor opened the floodgare for production
of radivisotopes. Till roday, over 2500 radioisotopes have been produced artificially. Several of these
arfificially produced radioisotopes have been extensively used in improving the quality of human life by
urilizing radiation emitted by them.

In India, utilization of radioisotopes plays a pivotal role in the improvement of quality of life of
people and also in sustained economic growth. Radioisotope application ix the most prominent peaceful
application of atomic energy and (s actively promulgated by the DAE. Sustained availability of radioisotope
in appropriate radiochemical formulation and at an affordable cost is basic requisite in the successful
utilization of radioisotope and radiation technology for societal benefits, In this respect, an advanced
technology for production and radiochemical separation of desired radioisotopes in nuclear reactors and
particle accelerators is of great wtility, India is one of the major producers of a wide variety of radioisotopes
like ®Co, *7Cs, ®Mo, "I, ""Lu, *Br, "Au, *F, “Zn and "*F,

I am extremely glad that Indian Association of Nuclear Chemists and Allied Scientists (IANCAS)
is bringing out this thematic bulletin consisting of six articles on various aspects, namely, production of
radioisotopes using nuclear reactors, evelotrons and radioisotope generator systems. The articles of the
bulletin will give a glimpse on the advanced research and technology development in India in the field of
radioisotope production. I thank all the authors of articles, Dr. A, Dash, Editor of IANCAs Bulletin and
specially, Dr. Sudipta Chakraborty, RPhD, BARC (Guest Editor) for sparing their valuable time in bringing
out this important thematic Bulletin.

September 2016 Vil IANCAS Bulletin



Guest Editorial
Dr. Sudipta Chakraborty

Since the inception of the Department Atomie Energy (DAE), founded by Dr. H. J. Bhabha, radioisotope
programme has plaved a pivotal role in the peacefuld utilization of nuclear science and technology for the
benefit of the people of India. India had an early entry in the field of radioisotope production amongst the
then developing nations thanks 1o the commissioning of APSARA in 1956, the first research reactor in
Asia. Radioisotope production had a modest beginning in India with the successful radiochemical isolarion
of “P from neutron irradiated eltemental suffur in the temporary isotope laboratory at Cadell Road in
central Bombay, With the commissioning of CIRUS research reactor at Trombay in 1960, India embarked
an the production of a number of major radioisotopes ("'Co, "Mo, V1, "1r, ™Au, *"Hg etc.) for medical
and industrial applications. Matching with these reactor facilities, increasingly sophisticated laboratories
were set wp for large-scale handling and radiochemical processing of radioisotopes. Starting with the
Cadell Road Laboratories initially, production facilitiey were transferred in the mid-sixties 1o the
intermediate laboratories in the South Site ar Trombay. At the same time, detailed planning of more
advanced facilities for large scale production was taken up, and finally radivisotope production facility at
Radiological Laboratories were commissioned in the early seventies. Large-seale production and wiilization
of these radioisotopes became an important activity of DAE in the late eighties with the availability
higher thermal newtron flux after the successful commissioning of 100 MW DHRUVA research reactor.
At present, more than 10 KCi guantities of as many as 48 different radioisotopes are annually produced in
Dhruva and deploved to various parts of our country for their utility in human healthcare, agriculture,
industry and research. Apart from this, large quantity of “'Co in produced in some of the power reactors
operated by Nuclear Power Corporation of India Limited (NPCIL). Another important milestone was
met in the vear 2004 when the first medical cvelotron of the country became functional at Radiation
Medicine Cenetre (RMC), Mumbai. Stnce then, large quantity of “F-labeled fluoro deoxy glucose
(["FIFDG) and a few other "F-labeled agents are being produced for clinical positron emission
tomaography (PET) imaging.

Taking note of the important contribution of radioisotope programme of DAE in the societal
application of nuclear science and technology in India, the Indian Association of Nuclear Chemists and
Allied Sciences (IANCAS ) has browght out this thematic bulletin on various aspects related 1o the production
of radioisotopes covering the recent progress in this filed in India. There are six articles in this bulletin
giving a vivid account of the scientific and rechnical aspects as well as the inherent intricacies involved in
the production of various radioisatopes utilizing research reactor, fast breeder test reactor, cyelotron and
radioisotope generator,

It hay been an honour for me to be the Guest Editor of the Bulletin. I got immense pleasure in
interacting with the authors of the articles. I take this opportuniry 1o convey my sincere gratinide 1o each
of them for their valuable contribution which nurns this endeavor of IANCAS into a reality, I express my
sincere thanks 1o Dr. Ashuwtosh Dash, Editor, IANCAS and Dr. Raghunath Acharva, Secretary, IANCAS
for their continuous support and guidance.
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Radioisotope Production in Research Reactors at Trombay

P.V. Varde, Tej Singh, Archana Sharma & H.G. Gujar

Research Reactor Services Division, Bhabha Atomic Research Centre
varde@barc.gov.in

Abstract

The programme of radioisotope production in India was initiated with the commissioning of the Apsara in
Awgust 1956 and production of the radioisotapes on industrial scale commenced with the contmissioning of 40
MW research reactor Cirus in 1960, The quality and quantity of radioisotope production considerably improved
with the aperation af 100 MW research reactor Dlrivva in the year 1985, The important isoiopes produced in
the research reactors include "I, "I, ®Co, “Mo, ZP. "Ir etc. The isotopes have been used extensively in
various areas such as medicine, agriculture, forensic science, newtron activation analysis, radiograplty, efc.
This paper hightights the whilization of various facilities available in the research reactors and the future

plans for the production of radivisotopes,

Introduction

Apsard a swimming pool type renctor used highly
enriched uranium as fuel in the form of U-Al alloy and
demineralised water as coolant, moderator, reflector dnd
shielding material. The progrumme of radio-isolope
production in India started with the commissioning Apsara
in August 1956, The procedures for safe handling of rrradiated
samples were evolved and strenmlined with emphasis on
strengthening satety culture. The reactor was well utilized
and various radio-1sotopes were produced in the facilities
provided in the reactor. The facility helped in evolution of
handling and reactor safety procedures. The reactor wis used
extensively for more than 50 years and after serving its
intended purpose it wis decommissioned in June 2008,

With commissioning of Cirus in 1960}, & new era began
tor the industrial scale isotope program in India. A wide range
of 1sotopes are produced in Ciros and a large number of
isotopes are supplied to the users all over India and even
abroad, The rradiation facilines available m the reactor are
tray rods. sell serves and J-rod annulus. The maximum thermal
neutron fuxes available in these irradiation locations ore 6.7
10", 14 x 107 and 1 0x10" nfem’fsec, respectively, Clins was
permanently shut down on 31% December, 2010,

To meet the requirement of high specific activity of
radio-igotopes, Dhrouva, o 100 MW thermal reseuarch reactor
wherein the thermal flux is about 2.5 times higher was
commissioned in 1985, The reactor uses natural uranium metal
as fuel, heavy water as moderator, coolant and reflecior. The
experience puined while operating Cirus reactor was well
utilized in design und developmient of new irradintion focilities
lor isolope production in Dhruva reactor. The irudiation
facilities available in the reactor are tray rods, Pneumatic carrier
Facility. adjuster rod, sell serves, ele. The maximum thermal
peutron (luxes avatlable in these iradiation [pcations are 1.8
10 90510, 20%10% and 1.5 x 10" lem®fsec, respectively.
Normally solid samples are irradiated in these facilities.
However to meet the special requirements of certain isotopes.
g xenon tray rod facility was created 1o irradiate gaseous
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samples in Dhrova reacior,

AL present, research reactor DHRUVA [1] provides
majority of the research reactor based facilities w coter 1o the
varied research needs of the vast pool of researchers in DAE
and vanous other academic mstitulions of the country. 1
also caters 1o the reguirerment of radic-isotopes for use in
medicing, agriculture and industry. Apsara and CIRUS have
already been shut down and Dhruva would be about 40 vears
old by the yeur 2025, thus necessitating construction of a
new research reactor so as to be available by the year 2025,

With an am of achieving higher neutron Mux 1o produce
rudivisotopes of higher specilic activity similar 1o Cirus
reactor, the 2 MW upzraded Apsara reactor is designed, The
core is surrounded by BeO reflector elements, The Be®
reflector elements are provided o achieve adequate excess
core reactivity and o maximize the nmadianon volume for
isotope production and material testing, The core s loaded
with dispersion type wraniam (LEU)-silicide (U Si.-Al) fuel in
the form of plates,

To provide uninterrupted services of radioisotope
supply of higher specific activity, material wradiation and
facilities for condensed matter research, construction of 30
MW High Flux Reséirch Reactor (HFRR) is planned at Vizag,
keeping in view the requirement of such services beyvond the
vedr 2025, The HFRRE will be a 30 MW (thermal) research
resctor with & maximum thermal seutron Aux of 5.5 x 107 n/
crfsec. The reactor will be fuelled with Low Entfiched Uranium
(19.75% wiw) dispersion type plate fuel and will use
deminernlised water as coolant and moderutor. The reactor
core will be surrounded by an annular heavy water reflector
tank to nchieve a high neuron flux over a large rachal distance
to mraximize the number of inadiation positions available for
isotope production and material irradiation. Mest of the
irradiation positions will be accommodated in the heavy water
reflector tnk surrounding the core. Salient features ol afl
reactors are shown in Table-1.

In the research reactors. at Trombay, several irradiation
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the reactor and sample changes are carned oul once o week,
thus ncreasing the frequency of supply of samples. The
introduction of on-power tray rod facility and improvement
in tray-rod design has proved o mile-stone in moreasing radio-
motopes production on reguliar basis. Bosed on the sample
volume, irradiation duration and specific activity requirement,
arelevant facility is chosen. Various facilities, with theirspecific
leatures, vsed for production of radioisotopes are given

facilities n the form of tray rods, self serve, adjuster rod and
poeamatic carrier are provided for isotope production. From
time 10 tme o augment the production of 1solopes, new
irradiation fucilities were conceived and designed. Vinouos
redetor operational practices for enhuneing the production
of radio-isotopes were also evolved. For example, removal of
the tray rods from the core was carried out in reactor shut
down condition once o month ull 1971, In 1972, new (pols

were designed. developed and tested successtully 1o carry below:
out removal of tray rod on stream; ie, without shutting down
Table-1: Salient features of research reactors
Parameters I MW Apsara 4 MW CIRUS 100 MW Dhurva | 2MW Upgraded | 30 MW HFRR
Apsara
Renctor type Swinuming podal Vertical tank rype, | Vertical tank Swimmuing pool Swimming pool type,
type, thermal thermal type, thermal type, thermal thermal
Drate of criticality| 4" August, 1956 | 10% July. 1960 B August, 1985 | To be To be commissioned
commissioned
Maximum 1 MW 0 MW 100 MW 2 MW 30 MW
reactor power
Fuel material Ennched (-93%) | Naturil Natural Enriched (179 Enriched (~19.75%)
UFAnILIT- Lirari L el uranium mietal uramum-silicide | wranium stheide
aluminum alloy dispersion fuel dispersion fuel
Type of luel Plite Pin Pin Plaie Plute
element
Fuel ¢ladding Aluminum Aduminmm Aduminum Aluminum Aluminum
Total fuel mass | +5Kg 1000 Tonne 6.7 Tonne 278 Ke LEU 48 KgLEU
Moderator Light water Heavy water Heavy water Light water Laght water
Coolant Light water Light water Heavy water Light water Light waler
Reflector Light Water Graphite Heavy Waler BeO + Light Water Heavy Water
Maximumm I 10" (Thermad) | 6.5x10" (Thermal) | LEx IO (Thermab)| 6.1 10" {Thermal)| 6.7=10"
neutron flux in nf e 100" (Faast ) (Thermal)
em’fsec (type of 1,8 10" (Fast)
flux)
Shut off rod Cadmiiem Boron Cadmium Hafnium Flafrium
miterial
Numberofshut | 3CSRs | FCR 6 S0Rs 0 {SORs) 4(2CSRxand 6(2 SORs and 4 CSRs)
off rovds 250Rs)
Number of 4 ilrr. Positions) | 5 (fray rods) 3 (Tray md), 1 T {tray od<)B 2 :In core irradiution -
irradiation 6 heam tubes 1PCF { Pricunatic Beam tubes] position:
position (Type of | PWL carrier)and 2 shielding comer | Inreflector?6:
irradiation 22 Beam tubes { Engimeering for shielding Irradiation position
position) 5 Self servs loop) experiments| | Pneumatic
Thermal column | carter 2NTD
lor detector 8i2 Engineering
testing lotps
Utilization: 1. Isotope Tray Rods

These are specially designed irradiation assemblies
used for iradiation of samples i high volumes and for longer
duranons, They are hollow rods. with trays mounted at various
elevatioms for supporting the sample capsules and cut out

Based on the sample volume, imadintion duration and
specific setiviny requiremeént, 4 relevant facility is chosen.
Various facilines, with their specific features, vsed for
production of radivisetopes are given below:
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windows which provide access to these capsules. This portion
of the tray rod is called the tray section. The number of tray
rods in o reactor is limited by the amount of exciess reactivity
available, depending on other experiments being carmied oul
Individual target samples are housed ina |6 mm thick ASTM-
A-SB-221-TP- 1064 alumindum capsule measuring 22 nun in
diameter and 46 mm in height. The weight of the émpty capsule
is-about 15 gm [}, There are 2 to 3 pay rods in Dhrova o
maximum thermal newtron Aux of LE 210" nfemsee. In each
roud there are 30 axial positions and ateach position 3 capsules,
120 degree apart from each other. can be sccommuodated. Thus
cach tray rod cun accommodate up to 90 capsules &l o me,
The tray rods are cooled with heavy water with a flow - 80

Ipm

Figure-1: Dhruva experimental and irradiation facility

Puring the year 2001 radivisotapes ol about 34000 C3
activity, including radiopharmaceuticals of abour 28K Ci
activity, were produced in Dhmova. At present BRIT supplies
only about 20% of the total radivisotope demand in the
couniry. Nuclear medicine practitioners have o import the
remaming 1sotopes. Out of the wtal radiopharmaceuticals
produced in Dhruva Mo and "' constitute about 60% and
30 respectively. Other isotopes supplied nclude "L,
H8m, ¥P, "'Cr, 78, "Ir, ""Hg etc. After the shutdown of Cirus
redctor, an additional isolope assembly hax béen loaded in
Dhrova with a view (o increase the irradiation capability.
Meanwhile, import of radioisotopes by BRIT has increased
by about 25% in the list 2 years to cope up with the demand
within the country,

Aotal of 1212 unins of imadintions were carmied out in
Dhruva reactor during the vear 2012, which corresponds to
~25% incrense in nwmber of irradiation units compared 1 last
year, Uilization of the three tray rods in the Dhruva reactor
for izotope production was above 93%. 3650 Ci of
radioisotopes were processed for medical, industrial,
agricultaral and other applications. The activity produced
exceeded the production m 2000 (3078 Ci) and 2000 (3600 (),
when both CIRUS and Dhruva reactor were working. The
wsotope production could be much higher, if demand increases.
FUT00 Croof ™1 was produced during:- 2012 a0 Dhruva by
ircadiating 82 cans of ridiom pellets. lrradiation coordination
was dore by RPhI). The Unloaded activity was handed over
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tor BRIT for processing. The amount of activity produced is
higher than cartier years [61395 Ci in 2000, 63,339 Ciin 2010,
BOTET Crin 200 1), Cobali-t0was produced for the st tme in
the Dhruva reactor, 60 cons of cobalt slugs were unloaded
with an estimated sctivity of 10,100 Ciand delivered 1o BRIT.
The specific activity of the Co-60 produced in Dhrova is
suitable for Blood leeadiator and gunima chamber 55 service
imadiatinny were carried out fior different resesrchers ingide
and ouiside BARC. Special imadiation services were provided
o virious divistons (LWRD, Material Science Division) in
BARC.

2. Sell Serve Positions

Dihruva has 5 numbers of self serve units each ol which
can accommodate 5 irradiation capsules. The standard
irradiation capsules are enclosed in 4 specially designed
spherical ball (Figure-2), which is rolled into the irmadiation
position under gravity, At the end of radiation, the ball 15
rolled out into o special lead shielding contwner. Irradtion
of targets in self serve uniis can be carmed out without aftecting
the operation of the reactor for any pre-determined period.
The self serve facility 15 ideally suited lor the production of
short lived radiolsotopes, The maximuom thermal neutron fux
uvailable in self serve position is about 1.5 x 10" n fem?/sec.

Figure-2: Tray rod capsule & Self Serve Aluminium Sphere
and capsule

3. Preomatic Carrier Facility

This aircooled facility is used for shoet tme inadiation
of sumples i reactor and is avalable in Dhruva, The design
permits users o SENDVRECEIVE the samples to he imadiated
in polypropylene capsules, to and from the resctor,
preumatically from PCF rooms located in annexe building/
attnched. The muximum thermal peviron fluxes available in
Dhruva s 90 x 10 nfem2isec: The irradiation time in Dhruva
16 Hmited o 1 minute. The time Timits on irradiation are based
on the assessment of temperatures and pressures likely to be
reached during irradiation. The facility is mainly used for
neutron activation analysis. This technique provides not only
rapid quantitative simultancous analysis down to ppb level
or below but also provides entical validation support 1o other
technigues, The growth and success has been mainly due 1o
the availability of research reactors with high neutron flux
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and to the advances in high neutron spectrometry systems:
A wide variety of samples were imadhiated in PCF for application
in material sciences. cnvironmental and life sciences. lorensic
science and archac¢ology. PCF has also been used For
determination ol wraniom by solid state nuclesr track detector
(SSNTLY) using fission track analysis (FTA) NAA used for
detection of trace elements in variety of materiuls such as
geological, biological, archaeological, environmental, high
purity muaterials, nuclear pure matenials and forensic samples,

4.0 Specially Designed Assemblies

In Dhruva three cobalt slug rods were irradiated in a
specially designed assembly. Cobalt metal slugs of
dimensions 6 mm digmeter and 75 mm height, sheathed in |
mm thick slumimum, were arranged in tires around the ceniral
rod. The rod had 24 tires with each having 5 slugs. With the
high neatron flux available in Dhrova, Cobalt-60 with
iniermediate specific actuvity of 5 elipm was obtined na
pericd of 3 o 4 vears. Recently. Dhruva Adjuster rod has
been commissioned which is very useful 10 produce high
specific petivity of Cobalt ( 250 Cifgm) and (o be vsed for
xenon over-ride,

"1 is increasingly used in prostate cancer
bruchytherapy owing to its more favorable decay
characteristics. Invariably this is accompanied by the
formation of substaptial amounts of other isotopes of lodine
cspecially =T (T %2 - 13.03 duvs) which luter require long
decay periods 10 bring down the levels ol ™1 10 acceplable
levels, This step also results into the Toss of LA simple
method of production of =1 from irmadiation of natural Xe
gas was thought of and implemented m Cirus and in Dhrova,
Even though the natural abundunce of “*Xe is low (0L094%,),
it could be used to produce 1 provided the neutron flux and
irradiation tmes are adequate. The resulung "1 product 15
found to be suitable for R1A applicanons: The nuclear reaction
imvolved s as follow: 1 Xeind) '“Xe —=E.C. (18 hri—
>M—=E.C (6006 d}—— Te (stable)

Radio-isotopes produced in Dhuva

The following Table lists the major isotopes that are
being produced since the past few decades in Dhruva, This
aspect has been advantageously wsed in production of
isotopes soch as “P

Radionuclide Target and the reaction Typical Amount and frequency Application
produced

Mo Natural Mo "Moln )" Mo 1-1.3 TBy(30-40 Ciyf whk Medicineg; ™ Te 15 obained from
"hlo-"""T¢ generator

Ll | Nutural TeO, 0.7-1TBg(20-30 Ciy wk Medicine; [or manugement of

"e{n, )" Te(f-)'""1 thyroid disorders

=p Matural Sulphur“Sin,p)"P L1 1GBg(3CIV15d Medicine-therapy Agriculture,
Muolecular Biology

1 5m "Sminy)''Sm 222GBq(6CH month Medicine-therapy

"Lu Enriched ""Luin,y)' "Lu 222GBq (6C1 ¥munth Medicine-therapy

=] X e(n, ' Xe (HC)'=1 18.5GBq (S00mC) bi-monthly | Brachytherapy and Radiometric
ASSAYS

“Ca Nat.CaCO *Cain,y1"Ca As required Reseurch

g Nat. KCl “Clin.p)"58 As required Reseurch

My Natural tarpet™Hegtn vy He As reguired Industry-radiotrucer

“Br MNatural NH Br"'Briny)“Br 55.5GBg i mCis required Industry-radioteacer

"8c Natural Sc¢.0,"S5c(n,y)"5c As per the reugirement Industry-radiotracer

'"La Natural target'"Latn,y1"*'La As per the requirement Industry-radiotracer

"Co Natural Cobalt™Coln, 1" Co Long irradiation; as required Industry-radiography, radiation
anuree

My Mataral Iridiwm ™ Ir{n, "I 37TBy/ wk Industrial Radiography

"iCd Natural target''Cdin,y)'"Cd As required Research

i WMCdiny'"Cd As required Research

frZn "Znin )" n As required Research

it MRSy S As reguired Rescurch
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Safety Evaluation of samples

An isotope sample when put inside the reactor for
irradiation, causes reactivity load on the reactor due W parusitic
ahsorption of neutron in it, So reactivity load of the sample is
an important purameler o be evalugied before s installation
in the reactor. An isotope sample absorbs alpha, beta and
gammi rdiations present in the reactor and also produced in
the sample itsell causing a heat load which must be within
the permissible limit Thus heating i the sample must be
evaluated before its installotion in the reactor. A Sample, after
irridiation, becomes radioactive and emits alpha, beta and
gamimi radiations, Without proper protéction, these iradiated
samples can cauge harm to the personnel handling it Thus

Table-2 Formulas used in ORPAC

For safety of the concerned personnel. it is required (o assess
the dose roe o the surface of the swnple which should be
less than 200 mi/hr. To meet the dose mte criterion, it is
mmportunt to evalunte shielding and cooling reguirement for
the sample. All the safety evaluations of PIR are dene by a
computer code ORPAC (Operational Reactor Physics Analysis
Code) developed in house. The overall heating in a sample,
limits the muss of the sumple in ¢dch capsule. For the sample
being irradiated in the Dhruva resctor, the nuclear heating in
the sample including capsule is limited wo 100 waits, Related
formulas to carry the caleulations by PIR (Pale Irradiation
Request) evaluation code ORPAC 2] are given inthe following
Table-2 & Tahle-3.
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Tahle-3 Abbreviations used

i Tux depressian factor

L average flux in the sample

i, ilux at guter surface

ifrl neuron fux at position

c L6 10 (WS/Mev) a conversion factor

A (a3

E, average energy of photons (MeV)

5 no. of gamma photons | cefsec

b, energy deposition coelficient for energy E (em')

il tonal linear attenuation coefficient (cm ')

M Mass of & sample

p Density of sample

A Specific activity (Bg/gm)

$ wotal attenuation coelficient of the radiated sample matenial
T absorption coefficient of gamma rays in the sample material
! meian chord length of the sample

E average energy of gammu/ beta/alpha particle in MeV,
Do neutron flux of energy group n

3 MACTOSCOPIc scatlering cross section of the sumple
E mean energy ol group n

A Atomic Mass

v Sample Volume

N.N,N number density of sotope X, X, X,

M, ubsorption cross section of nuclides

P, absorption cross section of nuclides

Ao A A Decay Constants (sec')

D Shielded dose rate at a distance of oot (mR/hr)

D, Bure Dose nte{mR/hr)

Future prospects/plans for isotope production

There are various plans of augmentation of isotope
production in Dhruva and in propesed new research reactors
viz modified 2 MW Apsara and 30 MW HFRR. Following
gives the salient points about future plans of enhancing
isotope production i Indian research reactors.

{a) Fission molybdenum production in Dhrova

Technetinm-99m, the daughter product of Molybdenum-
99 ™Mo, is the most commonly utilized medical radioisotope
i the world. " Te (half life=6 hrs) 15 very much suited for
medical disgnostic apphestions becase of its soft garmma | 140-
keV). Mo (half life 67 hrs) the parent isotope of " T can be
produced in two ways. First way to produce it is by inadiating
notural molybdenum in the neactor through neutron capture
reaction. Since fission yield of ™Mo is around 6%, nuclear
fissiom method is the other way o produce “Mo, By this route
ohe can produce Ma™ of very high specific activity.

A preliminary anabysis for production of fission moly in
Dhruva reactor has been corried out. LEU-AL alloy has been
considered as a target material for this purpose. The

Seprember 2016

enrichment of LI-235 has been assumed to he 2005, Fuel
position has been considered {or placing the target for
irradiation. Total of two targets have been assumed to be
loaded al fuel position, Expected activaty/two week will about
1500 1o 2000 Ci.

Conclusions:

Programme of isotope production in India has been
quite successful and these isotopes have been vsed
extensively in various areas such as medicine, agricullure.
lorensic sclence, neutron activation anglysis, radiogrophy.
To overcome the shortfall expected due o decommissioning
ol Apsara and Cirus, 100 MW Dhruva will meet the growing
demand of radio-isotapes in India, With the proposed fission
moly prisduction in Dhrava reactor will serve the ligh specific
activily requirement of this isotope.

Relerences:
I, Dhruva Silver Jubiles Year Book, [2000].

2 “Operational Repctor Physics Analysis Codes
(ORPACY”, Juinendrn Kumar et ol BARC2O07/EA0R
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Neutron Irradiation of Target for Radioisotope Production

S. V. Thakare, K. C. Jagadeesan

Radiopharmacenticals Division, Bhabha Atomic Research Centre, Trombay, Mumbai-400085
E-mail: svi@barc.gov.in

Introduction:

Radioisotopes have a wide range of applications in
diverse fields like health care which includes diagnostic and
therapeutic usage, industrial engineering mvolving
raudiozraphic imagining of materals, agrculiure sector which
includes food secunty and sterilization through wradiation.
age estimation uf the geological samples and compositional
chari¢terization through activation analysis —just 10 name a
few. The time line of radioisotopes dates back o the discovery
of neutron which is uccredited o Jumes Chadwick in 1932

Soon after its discovery, neutron found its applications
in scientific investigations related to physics, material science.
biology, and chemistry, Fermi bombarded heavier elements
with these neutrons which enabled him to induce radioactivity
in elements of high wtomic number. This work eamed Fermi
his Noble Prize in Physics “for his demousirations of the
existence of new radicactive elements produced by neutron
irradiation and for his relied discovery of nuclear reactions
brought about by slow neutrons”™ m 1938,

Before the discovery of nuclear fission, the strength of
neutrons available for inducing mdioactivity was limited
Just 1P =100nfem™s. As a consequence the smount and
gquantity of radmwactvity that could be produced by such
neutrons remained very low. Bul after the development of
nuclear technology, neutron Mux in the range of 107-10"n/
em¥s high amount of radiouctivity became accessible 1o
resgarchers which facilitated the production of radioisotopes.
The source of this neutron strength was nucleir résearch
reHctor,

With the world's first research reactor Brookhaven
gruphite Research Resclor (BGRRE), becoming operational i
1954, an intense neutron source became avatlable which could
induce nuclear reactions across the entire periodic 1able for
isotope production and activation analysis Presently there
are more than 1600 radivisotopes which are being artificially
produced.

In India radioisolope production programme started
under the peaceful purpose progoamme of DAE, with the
commissioning of the swimming pool Apsara reactor in
Awgust 1956, Tomuke the country sell-sufficient, a programme
tor radicisotope production was undertaken and the Isotope
Diviston was established m 1957, Small quantities of 'l and
“P were produced and handled in the production facility set
up in the [sotope loboralories. As the demand incrensed for
viriety of mdicisotopes and experience gained, Cirus was
commissioned and went ertical in 1960 for production of
almost all the reactor produced radioisotopes of medium 10
high specific activity.

September 20006

The regular supply of radicisotopes for application in
the fields of medicine, indusiry agriculture and rescarch was
commenced in 1962-63. Cirus hus been in operation [or over
five decades and has been used extensively for production
of variety of radinisotopes, At present Dhruvi is operating at
1DOMW and suceesstully catering the rmdioisotope needs of
our nation.

Production of Radioisotopes

Radioisotopes are produced by exposing suitable target
mutterial to the neutron flux in nuclear reactor for an appropriate
nme. Targer masteriuls 1o be irradiated are sealed in some
container preferably im aluminium container and then loaded
i the wrradiation facility, The radimsotope produchon
typically involves several interrelated activities such as target
preparation, uradiation i nuclear reactor, iransporiation of
irradidred taurget o radicactive Taboratory for radiochemical
processing or encapsulaton in sealed source und guality
control followed by its transportation to the end user, The
cruciud charsetenistic of radioisotope for its ypplication is the
mugaiude of its specific activity,

Production of radioisotopes having high specific
activity depends on parameters like target and uradintion
conditions, the rate of the nuclear reaction which in turn
depends on the energy of the neutrons, neuiron flux and
characterstic of thie target matedol and activition cross seetion
tor the destred nuclear resction.

Classification of Neutrons

The nedirons are classified on the basis of their energy
in 1o following categories:

Corled nentrong @ The neutron with the energy range
from 0.0ev 1o 0025 eV are considered as cold neutrons.

Thermal nevsron © Thermal neutrons are those which
are i thermal equilibrium with the moleculesfatoms of the
surrounding medium. The energy distribution of this group
of neutrons is represented by Maxwellian distribution. The
thermul néutron has energy of about 0.025eV at the
temperature of 200C.

Epithermal peuirons - The neotrons which are having
energy normally in keV range and obey the [/E law are
epithermal energy neutron. The energy range of these
newtrons varies from 0.025eV o042V,

Resonaned newtrony @ The neutrons having the energy
between 10 w0 300V are referred as resonance neutrons.

fnterntediare newprons @ The energy range of
intermediate neutrons is belween 300eY 1o IMeV,
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Fast neutrons ; Newtrons which are havinge energy more
than | MeV are considened to be fast neutron, They are having
the distribution stmilar (o that of fission newtrons.

It is important o note thut inoo noclear redctor the
distribution of the neutron energy group will be different m
differemt purts of the reactor. AL the centre of the core, the
distribution of fast neutron will be more compared to the
periphery of the reactor. Majority of the neutrons that are
avalluble from reactor are thermal.

The quantity of radioisotope produced in a reactor
during a typical iradiation schedule depends of on varous
parameters that ane descrabed below.

Yield of radicisotope

There are different tvpes of nuclenr resciiom which can
take place by the interaction of nestron inside the reatior.
These are (np), (not), (0, ) with beta decay, The vield of
rdiolgotope can be caleulated by the following equations

When any tirget is expised to neutrons in the resctor
the dctivation of the mdiotsptope produced s given by

dﬁ"‘ﬂd‘
dr_' T‘P

N, 15 the total pumber of atoms present in the target
& 1 neutron flox in nfem’fs

o iy the newtron ¢ross section in bam

AN is the number of atom activated

I the above equation the newtron iy s considersd o
be tsotropic and average value of the Nux s considered. For
the decay of the radioisotope while pradistion, the net growth
mte of the active sloms is given by

AN

AN denotes the decay of the product nucleus

The ibove equation cian be solve for the specific activity
{Cifgm) and the final form of the equation after ssamplifyimg
can be given as follows

Specilic activity =

0.6 xax e
(1 —e ¥ )Cly

where A is the mitss number of the parent nuclet, A is
decay constant, Uis time of imadiation. Activity is in Curie per
oot gram of redicnuclide. When the time of irradiation is
very lirge compiared to the hulf life of the daughier then we
gel saluration activity as

Spevific activiiy=
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The activity reaches the saturation value limited to the
fux of the neutron in the reactor

The sctivity induced can be reduced because of the
following factor

Self-shielding factor

Activation calculition assumes the uniform neutron floy
inside the target which is practically nol there, therefore it
migst be comected to ke into account the fact that for strong
ahsorbers, the Inner portions of tanget are exposed to a lower
fux than the ouler ones, bechuse of neutron absorption in
the luter. This comection can be made by delining a sell
shielding factor f such that A=fA_, where A_is the specific
activity of gn irradisied infinite dilution target and A is the
specific actvity of the irradisted tarped. Infinite dilution refers
to an extremely Jow density N of target atoms, such thm the
fractional peutron absorption in a volume clement, which is
proportional o the density N and the absorption cross section
is negligible,

The correction fictor [ depends upon the geometry of
target and con be evaluated theoretically. [1]

Power variation in the reactor

The power of the renctor varies during the operation
and it is difficull w evaluate theorencally the effect of power
vanution on the scovity of buldup except by following the
operation of the reactor and applying decay comection.

Corrections to the activation

Caorrection hias to be applicd for the lux depression due
i acljacent target und for the burn up of the target matenul
with time and destruction of the product nucleus due 10
subsequent peutron cipture. This s effective lor long tem
irvadintion of turgets and the targets are having high activation
cross section,

Irradiation efficiency

The ratio of the activity sctunlly produced i the Larged
to the activity culculoted is referred o a5 the iradiation
efficiency. It 'depends on all the effects of the factors above,
This factor should be experimentally determimed by triul
iradiation. The irradiation efficiency varies between 90% 10
o low s b value as 10%:. |2]

Irradiation of largets

For the production of the above radicisotopes targets
are irradiated for more than two hall lives ol the activation
product of mterest im high flus position of reactor. In practice,
actual activity produced is different from the theoretically
calculated activity, This is becavse the actual flux, sell
shielding factor of the target, burm up, power variation in the
reactor operation. flux depression due to adjacent target and
depletion of the product nucleus due to subsequent neutron
capture. In certain cases, contribution from epithermal
neutrons leads to enhancement im the activity produced as
comparcd 1o the theoretical calculation,
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Table 1. Major radioisotopes produced in nuclear reactor with nuclear reaction

Ridiotsotope Half-life(T, ) Muclear reaction
Mo-44 66 h Moty "Mo
131 B02d He(n. ) 1 Te-—"]
1125 S941d Pein ) T Xe—"M
Lu-177 6.7 1d T Luin, 'Ly
Sm-153 46.27h WSmin,y) " Sm
Ir-192 T383d ey I
Co-all 5270y "Co(n.y)"Co
p-32 14.26d “Sin,p)-P
Br-82 3534h "Briny)"Br
S 83.82d “Sein,"Se
Table 2. Detail production parsmeters of various vseful radisisctopes by neotron irradiation in research reactor [3]
SrNo| FParent b3 Radioisotope | Cross section Hulf Life Theoretical Suturation( 100%
nuclide MNar. (brarn) Sp.Activity Ix 10 nfemifs
Abund enrichment)
L "Mo,, 2403 Mo (0.1 30 0006 67h AT0KCilg HomiCifg
2 e 308 i (.29 +0.06 8.0l | 24mCiug Carrier free
3 BT o502 Ap Fhmb I4.3d O100CYmillimol Charrier free
4 M., 313 e 954+ 10 T4d 9.23KCi/e IRl
5 M 15 "Ly 2000+ 70 £.7d 110KCy 19.25KCg
& | "Sm, | 2675 Sm Wb=h 47h 436K Cifg 0. 105K Cilg
7. “Br,, 403] “Br 2702 354h 074K Cilg 15.77CYe
B, G, 208 i 088 £ 005 1650 16.32KCifg 32400
9. i e 434 ACr 159+02 27.8d O3 TKCile S15.600g
10, "o, Hon Wy AT 1B =006 526y 1. 15KCifg | KT
11. HXe:, 0e5 =] 16511 Gid 17.3ml pg Carricr [ree
12, - - Fiss. “Mo Gitsh AT0KCifg .

For the sate operation of reactor, it s necessary o resirict

the maximum weight of target inside the aluminmum can o a
certain limil.

Following are (he considerations by the safety

evaluition group of Dhniva research reactor for the irradiation
of target in reactor:

al

h)

cl

Only solid samples which remain stable during neutron
irradiation should be considered.

The permissible mass of the sumple has been caleulated
for the maxinum neutron us position in the uradiation
Tacility to ensure safety even in case of errors in handling!
loading and post iradiation samples

The heating rate in the sample due to core radiations,
capture gammas and other radintions such us alpha and
beti radiations, dose should aot exceed 25 Wa/em of
length of tirget material in the capsule: This value is
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d)

el

i)

(4]

specific w reactor and depends upon the structure of
individual reactor.

The turget material in a capsule should not occupy more
than 90% of the capsule volume tw account {or the
liberation of gases or dimensional changes due to heat
or irradiation.

During post irradation handling of irradiated sample,
cooling should be provided wt least 30 minutes far
decaying of short lived radicuctive nuclides: before
trunsferring the capsules to Hot cell facility,

MNuclear heating in o capsule during post irradiation
handling should not exceed 1.3 Watt after 30 nunutes of
radioactive cooling,

The maximum value of weight of the mrget material that
can be irraidiated in a rector is strctly governed by reactor
safety considertions wnd 18 specific 1 b particular reactor,
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Production of major radivisotopes
Muolybdenum-99

Mo-494 1a medically imponant mdionoclide, 1s extensively
psed in diagnostic o the form of "™ Te-radiopharmacenticals
und is the workhorse of nuclear medicine. Mo-99 s produced
by neutron jrradiation of natural MoO), target, "™ Te is separated
ul hospital radioparmacies from *Mo-""T¢ generators. There
are seven isotopes of molybdenum with different natural
abundance. The abundance of Mo-98 is 24, 19% which is
maximum of all the sotopes. For production of Mo-949, metal
target is not preferred for irradiation but oxide of molvbdenum
is imadiated because of the simple chemistry of dissolution,
High speaific activity "Mo can be produced nsimg ennched
target in “Moi>98 atoms®) in high flux reactor or by fission of
enriched wranium-235, The cost of highly enriched wrget of
Mo-98 15 very high and cannot be pracuicable. The cross
section of Mo-98 15 0.13b for thermal neutron which connot
yield high specific activity. But from the excitation
functioniFig, 1) of the (n,y) reaction i can be observed that the
cross section are having resonance in the epithermal energy
and therefisre the vield of ™Mo can be increases, The effective
vross section of "Moinyy"Mo can be possibly increase uplo
T00mb owing 1o contribution of the resonance part of the
neutron spectra, Specific activity of 3.4C1g for the natural
molybdenum sample can be obtained if the wareet is exposed
only 1o the epithermal region, 4]

Due to presence of other truce fmpure clements in the
target, other radioisotopes are formeéd which is unavoidable
unless highly enriched target is used. This formation of other
racdioisotopes will resules in radionuclidic impurity, The most
probable impurties are chromium and tungsten. Presence of
tongsten impurity in the target would lead 1o the production
of tespective "Re and '""Re madioisotopes on neutron
activation of "W and "W sotopes, Since technetinm and
rhenm are chemical by same radiation due to rhenium isotope
miay cause radiation w patient during diggnosoe studies. Other
impurities presents are Fe. Co, Cs and She 11 these impurities
are present in considerable quantity then it 15 concern in
rudiopharmacentical formulation. Long lived radionuclide wall
be of grent concemn necessitating stringent pharmuacopoein
specifications of the product,

Direct neutron irradiation of molybdenum is the least
complex route of access w0 Mo-99, Given the existence of
severe limitations on the specific activity attninable, the
method of *"Moiny)"Mo 1s still particularty sunted 1o use 1o
developing countries. Figure | below shows the absorption
NeEtron cross seclon us neutron energy

DRt e
| ————

s e . i
T
[ER_ R BRSO - .
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lodine-131

I-131 is radiosotpe with very good potential use in
nuclear medicine for diagnostic and thempy. [-131 decays
with hulf life of B.04d with prominent emission of 36dkeV 1o
stable Te-131. 1131 can be produced in reactor with moderate
tochigh thermal neutron flux by iradiation of Te, powder as
turget; The nuclear reaction for the prodoction of 1-131 1s
M Tein,y)' Te. The cross section for the above reaction 1s
(.29 £ 0.06b. The neutron cress section 1s very low and if the
tellurism target in Te-1300 15 ennched then the vield can be
enhunced. Te-131 after beta decay forms 1-131. It produces
carrier free I-13] with high specific activity of 124mCifug. 1-
127 and 1-129 are produced from "Te(n, )7 Te(T, =9.35h)
and " Te(n )= Te(T, =69.6m) during the natural Te. Natural
Tellurium has eight isotopes with different natural abundance.
1-131 35 produced by neutron irradiation of Te-130 with
abundance s 34.08%, which s high amaong the other isolopes.
Te-126(18.84% ) and Te- 1 28(31.74% ) will result in stable 1-127
and long lived 1-129(T ;157X 107 years) isotopes. Presence
of todine m teHunum will reduce the specific activity of 1-131.
Selemum and smtimeny if presence will produce long lived
Se-7S(T, 121d)yand Sb-125(T, 2.7 y) which will pose problem
lor post handling and disposal problem. Other imparities such
a5 Hg Au and Ag will create problem in recovering 1-131.

Lutetium-177

Lu-177 owing to suitable nuclear decay properties and
lavourable production logistic and good coordination
chemistry is been effectively used in targeied therapy. Lu-
177 has a half life of 6.65duys with B, =497k (78,69 ), 385
ke V(9. 190); 176ke V1224 ) ER =208ke V(1 1.0%) 11 3keV(64%)
which is suitable for the application. The specific activity
privciuced through (n.y) route is important for labelling the
bio-molecules, For lobelling purpose at least 20C1 mg of
specific actvity 1s required. Lu-177 can be produced by two
route, one by thermal neutron activation of enriched(inLu-
176, two isotopes of lutetium one Lu-175 with abundance
97 4 19% and other Lo-176 with abundance of 2.59% ) lutetium
trget and thermal neutron activation of enriched(in Yh-176)
yierbium turget leading o formation ol Lo-177 from bela
decay of the short lived activation product. Yb-177(T ,=1.9h)
could be utilize (o produce Lu-177 having specific activity
mare than 2001 me. Indivect method of production of Lu-177
throwgh the itradiation of Ytterbium target vield less Lu-177
due 1o complex radiochemical procedure. Direct (n,y) route
can produce large quantity of Lu- 77 with adequate specific
activity for labelling, with a thermal flux of = X0 0/em s or
higher and using enriched tarzeti = 80%, Lu-176). This can be
possible because of very high thermal neutron capiure cross
section (o =20900) and neutron capture cross section of Lu-
176 does not fodlow iy law and there is strong resonance
near to thermal region. The maximum vield of Lu-177 is
achicved afier a 14 days of imadiation and maximum specific
activity is attained after 21 days. Since the actual mass of
lutetivm afier post irradiation is different from the mtal mass
of the targel rradiated. applying the burm up of the target the
exact specific activity can be caleulated. The period of
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rradiation ot which the maximum yield of Lu-177 per mg s
achieved does not provide the highest available specific
actvity [5]. Thene is possibility of formation of Lu-177m which
is having a halflife of, T =160.54. Limits of tolersnce for Lu-
177m in Lu-177 would be delined upon the irradiation
conditions of the target,

Smarium-153

=98 is an sttractive thernpeutic radionuclide in nuclear
medicine with half life of 46.27h, E, | =081 MeV.E = 103(28%).
W8m can be produced by mumm ircadigtion of both natural
Sm.0, and enriched ™Sm, O, targets. The neutron absorption
Cross mmn of “Sm is 206b. The composition of the natural
sumariim tareet {62 ™8m, 22 T35 H8m, 26.73%: ™8m, T 38%;
Higm, 13.82%; “"Sm, 11.24%; “'Sm, 14.99%; “Sm, 3.07%.
Imndiation of natural samarom target will lead o long lived
racionuchde imponty of ' Eo, M Ea and "B and low speaific
activity of ""Sm. During irradiation, '*Sm tormed will decay by
beta w “'Eu(stble). '"“Eu with a neutron absorption cross
section of 390b will form "Eu(T , =8.8y) as an impurity.

MEminatabun, 22.75% ) after absorption of neutron with cross

siction of 7.5b will form **Sm which after beta decuy gives
FEW(T, , = 4.76yr) as another impurity. ""Eu with very high
absorption ¢ross section of 3900b  will produce "Eu
(T, =132d), Therefore by irradiation of natural Samarium target.
curopiwm impuries with long lived isotopes will form. To get
high specific sctivity with less imipurity, it is desirable (o irradiate
corich ““Sm target. By imadiation of 98% enriched target the
europium impurities can be decreased considernbly and the
specific activity can be increased to three 1o four fold times:
lom exchange chromatography can be use (o separmie Sime=153
from Europium tmpurities.

The use of ™Sm from matural targets which is easy and
can be produce with less expense can be use for therapeutic
application if there are no siningent conditions. To reduce the
BB mpority moderately enriched ““Sm target will be
suffice. imstead of very highly enniched( =985 )" Sm target [6]

Iodine -125

I-125 i an avractive and widely used radionuctide in
numerous diaggnostic and therapeutic apphications, 1-123
produces high quality thyroid scans almest indistinguishable
from those produced osing 1131, In recent years, I-125 has
become the radionuclide of choice for the preparation of
brachytherapy seeds for the reamment of prostute and ocular
CANCErs.

I-125 hug a 60-days halt-life and decays by EC,
producing in the process the 27 4keV X-ravs and the 354 ke
gamma ruy which are easily ahsorbed in conveniently small
and light detectors. The X- my and ganuna rodintions eminted
are relatively soft. This makes these isotopes with much
higher gumma ray ment ratiof defined as the ratio of the usable
sighals o energy absorbed locally) than 1-131 for many 1n
vilre and in vive applications.

The imitial production of 1-125 was corred out an the MIT
evelomon when natural elemental relluriuwm was wradiated with

September 2016

12

145 MeV deuteron. The other route for the production of 1-125
15 using thermal neutron activaton of Xenon It had made
availuble relatvely larpe amounts of 1-125 of much greater purity.

The general 1-125 production route is through the
neutron readiation of Xe-124 gas 1o form Xe-1235, followed by
the decay to form 1-125. Natural Xenon has nine isotopes.
The isotopes of xenon with natural abundances are Xe-
12400050, Xe-126{0.00% ), Xe-12801.91 %), Xe-120026 4080,
Me- 13004 10% 0, Xe-131021.20% ), Xe-132(26.90% ), Xe-
1344 10:30%0), Xe-13608.906), Xe-124, Xe- 126, Xe-132, Xe-134
and Xe-136 sotopes will become radivsetive with formation
of Xe-125(T _=169h). Xe-127(T =36.4d). Xe-133(T,_=5.25d).
Xe-13IT, \_3 83m). Xe-125 nftc'r decay will Form I-125T =
SU.41d). XL— 127 decay (o 1-127(stable), Xe-133 10 1-1331'1'”,...
20190}, 1-127 will form by double neutron capture of 1-125,
EXeln, ' Xelny) "Xe —(EC)—="T and direct nevtron
capture *Xe(n, 1) Xe—(EC)—'7L Xe-125 after decay w |-
125 will form 1= 126 with high neutron absorption cross section
of 900 and activation integral of = 13730290 barn. 1-126(T
=13.11d)1s having neutron absorption cross section of 3960b
which will form E-127(stable) isotope. The 1-125 activity
priviuced at the enid of neatron irradiation as a function of
rradiaton time at different thermal neutron fluxes 1s shown in
Figure 1. From the figure it is evident that for higher neutron
Mux the time of irradintion s shaner for required actvity.
Although the activity of 1-125 is higher afier long irradiation
the contribution from I 1 26 and [-127 form is significant which
decreases the specific activity of 1-123. For maximum
production of 1-125 pewtron flux and iradiation tme has o be
optimized, For irradiation time of 5days and neutron flux of
SX10 " nfem?/s the production of 1-126 is minimum, Since the
bl lafie of 1-126 1s much less than 1-125, a reductoion of the
radionuchide contamination of 1-126 in 1-125 can be achieved
through the effective use of coolmg time, For o contwmination
of 1-126 below 1-2% a cooling of -50days is required. The
formanion of Xe-133 and Xe-137 leads to the formation of Cs-
134 and Cs- 137 which are the prominent radionuclidie
impurities in the product. Smull amounts of other activation
products are simultancously seneroted. Among them, cagsium,
ioding, barium and tellurium radioisotopes are important, 1-
126 impurity contentin -1 25 samples s nol permitied o exceed
about 19 at the time of application. Two general methods are
used for masimizing the output of I-125 during neutron
irrndiation. By increasing the enrichment of Xe-124 in the
imadiated gas and by pressurizing the gas [7].
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Iridium- 192

[+-192 15 one of the important radisisotopes used in
industry mainly for rndiography. There are two stable isotopes

of iridium, 191,193 with 37, 3009 and 62.70% natural shundance:

respectively, The neutron absorpion cross sechion is 954 b
for Ir-191 nuclide, The half life of Ir-192 15 74 days and
therefore 1015 irradiated for at least two.months m high flux
position 1nside the reactor. The spectfic activity comes 1o be
approximately 350CiHgm. Since the neulron cross section of
Ir-191 is very high therefore neutron flux in the volume will be
decreasang il the geometry of the target materiul 35 not properly
arranged. For the iradiation of iridiom the target Is made in
the form of thin pellets with thickness 0.3mm and arranged in
a ¢ylindrical form so that there i3 minimum self shielding 1o
get high specific activity.

Conclusion

Most of the radivisotopes are produced by exposing
virious targets 1o peutrons in nuclear reactor, Large volume
radioisotopes can be produce in research reactor because of
high neutron flux and volume available, Specific activity of
the radioisotope is an important requirement for their
application in vanous liekds such as health care, induostry,
agricolture and research, High specific activity targets can
be achieved by irradhating the target i high newron flux,
with enrich tarpet. speaific geometry W avoid self shielding.
less burn up by optimize irradintion, irradiation under
continuous reactor operation and high oradiation efficiency.
For target imadiation with high specific activity all the above
parameters are [0 be optimize so that high specific activity

Author Information

can be produced. Thus irradiation of targets in Dhruva
research reactor at Trombay which provides high neotron
Auxd 107 to 10" nfem®/s) and optinixing the above parameter
can produce indigenously radioisotopes with high specific
activity that will cater various societul needs.
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Introduction

Radioisotope production programme at lsotope
Production and Applications Dhvision ([P&AD) has come
a long way since its incepition in India in 1958.
Establishment of Radiological Laboratones at Trombay
in 1969 and availability. of CIRUS reactor marked the
modest beginning of radioisotope production at a
commercial scale in India: Availability of 100 MWD
DHRUVA research reactor in 1985 was an important
milestone in the development and implementution of
indigenous noclear technology in the field of
radioisotope praduction, which resulted in augmentation
of production capacity. Radinisotopes find extensive
applications in several fields that inelude medicine,
industry, agriculture and research. Radioisotope
production to service different sectors of economic
significance constilules an imporfant ongoing scliyily
at Radiopharmaceuticals Division (RPhD), BARC,
Radiochemicals Section, RPRD, BARC shoulders the
responsibility for the steady availability of reactor
produced radioisotopes i ready 0 vse radiochemical
form.

The technigue of radioisotope production and
tadiochemicil sepurations is being continually improved,
and its application is being demonstrated in important
areas of public interest, such as  Enersy production;
Agriculture, Food preservation. Industry-Radiography,
Industrial process monioring/trouble shooting,
Research, Delence. Geology, Environment-Pollution
monitoring etc.  Radioisotopes have become an
indispensable tool in most area of homin endeavour,
Rudivisotope production is extremély important and
prominent peaceful uses of alomic energy. One of the
most important contributions of nuclear seience has been
the vital application of radivisotopes in medicine, for
hoth dingnosis and therapy.

Last couple of decade has witnessed momentous
development in the field of health care sector; both
dingnostic and therapeutic radiopharmapceaticals using
a variety ol radionuclides have contributed Lo this. The
field of radiopharmaceuticals has witnessed continuous
evolution thanks to the contributions of scientists from
diverse yet related disciplines such as chemistry,
physiology, molecular biology, phurmacology etc.
Currently, o large number of madiopharmaceuticals arg
produced and supplied by commercial manufacturers
for patient application i the hospitals, Avalabality of
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radionuclides with attractive decay characteristics in
suitable radiochemical form have contributed to the
seeelerated srowth of nuclenr medicine. In recent tmes,
the therapeutic products have come into greater
promimence. With the revival of interest in therapeutic:
apphications, wentification of additional radionuelides
having atiractive femtures suilnble for radiothernpy, their
production and radiochermical preparation has assunmed

importance.

In this article, we discuss the production, radiochemical
processing and supply aspects of medically impartant
radionuchides Mo, L 2P S0 and ', Apart from
these, there are a few upecoming reactor produced
medically usetul mdiisotopes numely “Cu, ™Y, "™Ho
and " Tm.

Radivisotope production ntilizing Dhruva reactor for
nuclear medicing

Rudioisotopes are produced by thermal neutron
activation of suitable target chemical in Dhmova research
reactor, Trombay, Target chemicals are neutron irradiated
from few days 1o several weeks and months at neutron
flux in the range of 110" nenr*s! o 1 8= 10" pem*s
! Measured amounts of respective target to be irradiated
in the reactor for production of radioisotopes nre
weighed and sealed in standard aluminum capsules
{inner dig. 19 mum, 38 mm height) by cold welding (Fig,
1), The amount of target is caleulated and oplimized for
obtaining the desired radioactivity content on irradiation
at 4 known newtron fus for adequate length of time
duration,

Fig. |. Standurd 18 Aluminum cons, target encapsulation

and a typical target

Activity of the radionuclide produced by thermal

neurtron activation depends on various factors such as
isotopie abundance of the farget nuchde, sctivation cross-
section for neutron absorption and the newtron flux, the
duration of wradiation and kalf life of the product mdionuclide.:
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Presently, irradiations for radioisotope production are
done vver one-week cycle doration in Dhruva reactor. Twao
tray rods K-09 and H-07 are dedicated for radioisotope
production. Table 1 enlists medically wseful radionuclides

produced in Dhrova research reactor nlong with rarget
chemicals, nuclear reactions mvolved in their produoction and
probable impuarities coproduced from compeling reactions
irismg from trace impurities in the trpet chemical.

Table 1. List of medically uselul radionuclides produged in Dhruva regclor

Radio Targel Activation Natural
isotlope used Cross abundance
section (h) (%)

Radionuclidic
impurities

Nuclear reaction

Routinely produced medically important radionuclides

o, VMo,

Mo Mo (.13 Mo-24.4% [ “*Mo(n.y Mo 29T 1Mo, 195Tc % T¢,
IE(&hIE?‘iRe
. Y . = 129,728 128,
I'”I TED: 0.2 I'{“TC‘?P‘:I-,SI.!‘F‘ E'"?T'.:‘n.}" FIMTE IJ!] I'HRJ'-“L]]. ]l;T_-'_lr_ngE
P ;
2p 0172 AMP-100% 2P,y PP TeAs, 1228h, 12480,
Elemental A i
z i o o 1458m, 51 Sm.
1538m Smia 0y 206 I328m-26,7% B538m(ny ) Sm 155G 1544155 g
Recently approved medical radionuclide
\?7Lu Lu20 2100 T9Lu-2.59% 6L a(ny)' Lo HimLg
Upcoming medically useful radionuclides
T Cu0 435 S3Cu-69.17% b3Cu(n,y )" Cu 65Zn, 3Fe, "Co
ny Y.0, 1.28 Y- 100% Y (ny) ™Y G e §
66T Ho,04 64.7 165H0-100% 5Ho(ny) 'WHo Lb6mEg g
HTm Tm-0; 103 T m-100% S Tminy) "Tm "Tm

2.1. Production of Molybdenum-99 by direct (n,y) reactions
on MoO, targets

Muolybhdenum-t4 is the parent radionuclide for =T
[T,, =602 hand E = 140 keV ], which is estimated to be used
in gbout 30 million medical dingnoses annually throughout
the world and 15 considered as the workhorse of nuclear
medicine procedures, Availability of ™ Tt for preparation of
dingnostic agents is ensured in the form of "Moo/ Te
gencrator system rom which ™ Tc is separnted under aseptic
conditions. ""Ma for this purpose is produced by thermal
neutron neivation of natural MoO| wrget und 900 GBy (=23
Ci) of Mo is processed and supplied weekly from our
laboratory for nuclear medicing applications, The neutron
irradiated tarpet is chemically processed and supplied as “Mo-
sodium molybdate (product code! Mo-3) o facilitaie
preparation of “Mo/"Te generators. The specific activity
of Mo obtuined 15 ahout 26-37 GBq (700 1000 mCi e of Mo,
Large scale regular production of Mo and its cusiomized
optinization for reguirements have yielded in its successiul
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utilizaton in preparation of 18,5 GByg (300 mCi) " Ma/ ™ Te gel
generators (Gellech generators). Considering the dingnostic
valoe provided by ""Te based imaging agents, it is expected
thit ""™Te will continue its central tole in diagnostic noclear
medicine into the futuee [ 1], Our process procedure serves as
a good stead for ensuring the lirge scale availubility of medinm
specific activity "'"Mo with requisite radionuclide purity. The
mature and cost of facihves o be set up for avaling Mo
using (n,g) route of production method 15 less demanding
and relatively less expensive as compared to many other
proposed echniques.

2.2, Production of lodine-131 from neutron
irradiated Te(), by dry distillation

lodine-131 in the form of Na''l radiochemical is
extensively used in the diggnosis and (reatment of thyrowd
disorders including differentiated thyroid cancer. lodine-13 |
decays by emission ol both b-particles with s musimum energy
ol 6] MeV and ¢ photons [principal g photon energy 364
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keV (B1%:)]. The #.1 day half hife is logisucally favorable for
shipment of "'l radiopharmacenticals w places far away from
the reactors. With expanding areas of applications and
growing intergst in  the wuse of "1 labeled
radiopharmacenticats, the domestic demands of '] has
increased several folds over the last decade, In the quest for
an effective method For lirge-scale routine production of '
to cater the increasing domestic requirements, we twmed our
focus towards the use of dry distillation technology owing
to its appenling attributes. The dry distillation technology
developed at RPhD, BARC 1 facile, robust. efficient, easily
up scalable, generates muinimuom amount of radioactive waste
and cost effective. Briefly. the procedure involves heating of
neutron mradiated hgh purty TeQ, arget, purging the 'l
released using an inactive carrier gas and trapping it in NaOH
solution containing Na S0 to obtain '"'T as radiochemically
pure Na''l solution [2]. The reported method has been
successfolly used for the routine production of | 485-2.22 TBy
(40-60 Ci) of "I Todine-131 produced is utilized for the
prepuration of "-MIBG "-Nal therapeutic capsules, "™-
Rimximab, " -lipiodol and other ™1 labeled hiomolecules
apart from its regular use as orally administered doses of *'1-
Mal solution,

2.3, Production of Phosphorus-32 for medical
applications

Phosphorus-32 |T .= 14364, E =171 MeV]in
the form of sodium orthophosphate was the first systemme
radionuchide to be used for the reaiment of bone metasinses,
which continues till date for palliative care of painful skeletal
metastases. The classical route of production of “P by (n.p)
reaction on high purity elemental sulfur yields no-carrier-
added (NCA) VP and hos been used over the vears for
preparation of *P-sodium erthophosphate injeetion Tor bone
pain palliation. Since the formulation of the required dose of
“Pesodium orthophosphate for bone pain pallistion does not
reguire very high specilic activity “Pan alternate production
route by madiative neutron capiure of elemental phosphors
target [*'Pin.g)"F| was envisaged. Its suntability for vse
bong pain palliation was comprehensively evalgated and
subsequently approved by Radiopharmaceuticals Committes
(RPC). India for human clinical use in 2012. Production of 7P
following the "Pin.g)"P route is straight forward, offers the
scope of using inexpensive mononuelidic matoral efemental
phasphorus | T00% in “'P) arget material and needs o very
sumiple chemical treatment after neutron irradiation |3). For
production of “P following (n.g) route, about 0,35 g of red
phospharus encapsulated by cold-press welding in an
aluminum contaner 15 imsdiated in Dheova reactor ata theemal
neuwtron flux of 110" nem s ' for 60 days, Under the stated
opumized conditions of iradigtion, batches yielded “P with
aspectfic activity of 230 = 15 MBg/mg (6.2 = 0.4 mCi/mg) at
the EOL

2.4. Production of Samarium-153 for management
of metastatic bone pain

Sumarium-153 |T =47 h] decays by émission of
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bath b-particles with a maximum energy of 0.81 MeV and ¢
photons [prncipal g photon energy 103 ke'V (2845 )], Favorable
nuglear characteristics coupled with feasibility of its lirge-
stale production made this rdioisotope 1 good choice for
palliative care of pamlul skeletal metastases, From o modest
beginning of | bach per month in year 1998, we are curmently
(vear 2016) producing 370 GBq (10 Ci) '""Sm weekly for
formulation of ™Sm-EDTMP  (EDTMP =
Ethylenediaminetetramethylenephosphonicacid)
radiopharmaceutical. Both natural and enriched Sm targets
are wseful for the production of medically vseful "Sm suitable
for therapeutic purposes |4]. However, we have opted for
I8m production by neutron irradiation of enriched Sm.0,
target (LE 99.8% in '"Sm) utilizing Dhruva research reactor
fucility. For production of ™*Sm by (n.g) route. about 15 mg
enriched Sm, 0, encapsulated by cold-press welding in an
aluminum contuiner is irradiated in Dhruva reactor at a thermal
neutron flux of L4x 0" nem=s" for 3-7 days. Under the
stated optimized conditions of iradiation, balchas vielded
M8 with a specific activity of 44 GBofme (1200 mCifmg ) at
the EOL

2.5, Lutetivm-177: A recently approved radionuclide for
nuclear medicine applications [5,6)

Lutetium-177 is relatively new in the field of targetad
radionuclide therapy and this therapeutic radionuclide hos
emerged 45 4 promising candidate during the last decade by
virtue of its attractive nuclear decuy properties, fuvourable
production logistics and straightforward coprdination
chemistry. Presently, there 15 a great deal of interest in the use
of "L tor in vive targeted therapy including peptide receptor
radionuclide therapy (PRRT), bone pain palhation and
radioimmonu therapy. Targeted radionuclide therapy with
TLu-DOTA-TATE has shown considerable increase in
uverall survival and significunt rmaprovement m the quotity of
life of patients suffering from neuroendocrine twumors ( NETS).

Lutetium-177 decays 1o stable ""HE with o hulf-life
of 6,65 d by emission of b particles having E_ of 497 keV
(78650, 384 ke W (919 ) wne 176 keV (12.2%9 ). The emdssion of
low-energy gamma photons [E =113 keV (6.66). 208 keV:
( 11%)] enable imaging and therapy with the same radiolabeled
preparation and allow dosimetry o be performed before and
during treatment as well, Two different sirategies. namely. (1)
direct thermal neutron activation of enriched {in ""Lu)
lutetium target and (i) thermal neutron activation enriched
(in "k vtterbinom target leading o the formation of "MLy
from the b decay of the short-lived actvation product " Yh
(T, = 1.9h) could be utilized w produce ""Lu having specific
pctivity more than 740 GBg/mg. While the indirect method of
production using enriched "™Yh provides no-carrier-added
INCA) "L (theoretical specific activity 40.33 TBy/myg, 1090
Cifmg), implicit need of a complex radiochemical separation
procedure to solate "L of requisite purity and poor yield
of "'Luper mg of kighly enniched "¥h target are the major
impediments, Direct (n.g) roue offers large-scale "My
production with specific activity adequate for targeted tamor
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therapy in nuclear reactors having thermal neutron flux of
~1.0x10" nfem®s or higher using enriched target (B0% or
miore i 7"Lu). This is the least intricate route to access Lo
in the desired chemieal form with minimum géneration of
radionctive waste, apart from being inexpensive, In order 1o
tap the potential of (n.g)'"Lu production method for
upphication of ""Lu in the preparation of receplor-specific
therapeutic radiopharmaceunticals, we have worked on
feasihility of producing 7Ly in adequate specific activity
andd in requisite purity by careful optimization of the imadiation
parameters,

The variotion of yield of "Lu per mig of target irradiated
with duration of irradiation is shown in Fig. 2 when enriched
(B2% in "™Lu) target is irradidted at a thermal peutron fux of
Ldx 10" nem 5", It 15 evident from the figore that the
pedrmum yield of L per mg of target imadiated is achievihle
when the irmadiation is carned out for a doration of ~ 14 d al
the above specified thermal neatron flux

1] @ b= L5
- —a— =1
B i k=15
= AT
2 P
2 \\
g o i
gy g Fa
|
3
F
L] T T T 1
] i 1 b £

Thime of frradinvon (d)

Fig 2. Vanaton of specifie petivity of "Ly, theoretically
caleulated wsing k = 1.5, 2.0) and 2.5, with duration of
rrradiation when enriched (82% 10 ™Lu) wrget 15 ireadioted at
a thermal neutron Qux of Tax 10" nem s

Our pursuit of (0,50 Ly method of production of " Lu
for tarseted wimor therigy in India was driven mainly by the
need 1o provide the required activity of "Lu for its use in the
treatment of patients suffering from neuroendocrine tumor
(NET}at an affordable cost, Evolution and continued success
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of "Lu-labeled DOTA-TATE therapy 10 our country. has been,
in large part, due to the cost effective availability of Lo of
required guality. The specifie sctivity of indigenously
produced "Ly avodlable every week at nuclesr medicine
clinics in Indin is around 740-900 GBg/mg, considering the
decuy loss of 48 h during tansit. This is sdeguate o formulate
TLu-labeled somtatostatin (S5T) analogue peptides, such
a5 DOTA-TATE with specific activity of 37 MBg/ig of peptide
conjugate with high radiochenmical purity [5].

RPhD 15 currently supplyving 296-370 GBq (8-10 Ciy of
rudiopharmaceutical grade |["Lu]LuCl, raciochemical every
week to the leading nuclear medicine centres across India.
More thun 2000 cancer patients have received TLu-DOTA-
TATE treatment using BARC ['LolLuCl . A typical post-
thermpy scan of o patient suffering from newroendocnne
originated cancer with liver metastases recorded 24 11 after
administrution of therapeutic dose of " Lu-DOTA-TATE is
given in Fig, 3 emphasizing the climical utility of BARC
["LuLuCl,

Fig 3. A typical post-therapy scan of a patent suffering from
neurcendocrine originated cancer with liver metasiases 24 h
after admimistration of therapeutic dose of '"Lu-DOTA-TATE

The specifications of radiochemical products regularly
prepared and deployed by RPhD for medical use are given in
Table 2. A comparative overview of the volume of activity of
four major radiosiopes produced and supplied rom RPhD in
the Jagt five years is depicted in Fig, 4.
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Table 2. Specifications of the radiochemical products

Paramelers
Code Radiochemical | Appearance pH Radionuclidic | Radiochemical | Specific
Kadiokatype form purity purity activity
Mo-40 Ma-3 MMolNa: Mol | Colorless -10 =00 95 =055 =15
liguidl GBq.y!
1-131 1-2 [T Nal Colorless B-10 = O =055 NCA
ligguid
P32 P-3 [FPIH POy Colarless -2 =00.97% =055 = |85
ligguid GBqg.p
Sm-153 Sm-| [ Sm]SmCl Colorless 1-2 =99.9% =085 =20
ligquid TBq.g!
Lu=1TT Lu-2 [Y LufLucl; Colarless ~2 90 G4 >URG = 6N
liguid TBqgg!
2500
w131
= 1000
= #99%Mo
0
< I ® 177
[=]
g W 1535m
E 1000
>
B sl
0 +
2011 1012 20113 2014 2015
YEAR

Fig 4. A comparative overview of the volume of activity of four major radiaisotopes produced and supplied from [sotope
Production and Applications Division in the Iast five vears

2.6.

Reactor produced " Cu, ™Y, "Ho and " Tm: the way
ahead

With the successful utilization of mdionuchides in various
nuclesr medioine procedures includime radionuelide
therapy (RNT) applications, efforts are on to identify
and establish newer radioisotopes with attractive
radionuclide features and production feasibility. In this
regards, reactor produced radionuclides such as "Cu,
™Y and "Ho and ""Tm are our focus of attention,

Copper-64 T, = 127 h. EC45%,  37.1%, B* 17.9%) 15
# promising radionuclide for positron emission
tomography ( PET) imaging. which is generally produced
by MM Cu reaction ma cyelotron, Despite excellent
attributes of "Cuo for PET imaging, vtility of this
radioisotope 15 sull limited 10 countnies having pood
evclotron facilities and excellent production logistics.
W have explored the feasibility of using “Cu produced
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ina research reactor by (n,y) route, in the form of "CuCl
a5 a probe for wmor imaging by PET [ 7). The production
strategy has been optimized to obtain *'CuCl, with
adequate specific activity and radionuclidie purity
suitable for clinical use, We have, for the frst time,
successfully demonstrated the suitability of Y [T, =
6d.lhE =228 MeV]|produced by nentron activation
rowte in Dhruva reactor in the reatment of arthrits of
knee joints in the forme ol ™™Y-labeled hydroxyapatite (HA)
microparticles [§]. The treatment efficacy of this product
15 clearly demonstrated in Fig, 5, which shows the bone
scans of the arthritic knee joints ol o patient ut different
time post administration of 185 MBy of "Y-HA
preparation, Holmium-166 [T, =269h.E = .85
MeV. E =81 keV(6.4%)] also holds good promise as o
therupentic radivisotope in India, thanks (o the leasibility
of its large-scale production in adequame specific aetvity,
We have demonstruted its potential in treatment of
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arthrius (9], which could be extended 1o the tearment of
multiple myeloma. Thulium-170 {1, =1284duvs. E(B )
=968 keV, Ey==84.3 keV (3.26%)] is a new entrant in the
arena of therupeutic rudioisotopes with potential for use
in pulliation of hone pain due cancer metastases as o
cost-elfective altemative 1o *Sr [10]. The clinicul utility
of this radioisotope wis proposed from our group for the
first time. An optimived production strategy based on
tradde-off between varous neutron irradiation paramelers
o obtain ""Tm with adequate specific uctivity and
radionuclidic punity in Dhruva has been carmed out || 1].
Preliminary climeal studies carmed out pang the " Tm-
EDTMP prepared from indigenously produced '™ Tm has
shown promising clinical outcome [11].

Adter reatment Aller 3 months Aller 6 months

Fig 5. Bome scans of the arthritic knee joints of a patient at
different time post administration of 185 MBg of "Y-
hydroxyapatite showing the therapeuatic efficacy of the
preparation

Acknowledgements

The authors express their sincere gratitude to Prof,
Ashuosh Dash, Head RPhD, BARC for his keen interest and
guidance, Production, radiochemdcal processing and supply
of radinisotopes to the clinics is a team worle This is an on-
going program and several people have contributed
significanily 1o the success of the programme over many years.
The muthors groefully acknowledge their contributions and
specially thank the staff members of Radiochemicals Seetion.
and Irradiatton Co-ardination Group of RPhD, BARC.

Author Information

September 2016

References

[11 A Dash, FE (Russ) Knapp Jr, and MEA. Pillai. Nucl
Med Biol 40 (2013) 167,

2] R.N. Ambade, S.N. Shinde, M.S.A. Khan, 5.P. Lohar, K.V,
Vimalnath, BV, Joshi, 8. Chakraborty, MR AL Pillas and
A Dash. J Radioanal Nocl Chem 303 (200151451,

131 K.V Vimalnath, P. Shetty, 5. Chakraborty, T. Das, V.
Chirayil, H.D. Surma, B.C Jasadeesan and PV Joshi,
Cancer Biother Radiopharm 28 (2013423,

4] N. Ramamoorthy, . Saraswathy, M.K. Das, K. 5. Mehra
and M. Ananthakrishnan. Nuel Med Commun 23(2002)
B3,

5] 8. Chakraborty, K. V. Vimalnath, 8.7 Lohar, P Shetty and
AL Dash.J Radicanal Nucl Chem 302 (2014) 233,

6] K. V. Vimolnath, P. Shetty, S.P. Lohar, V.C. Adya, S:K.
Thulasidps, 5. Chakruborty and A, Dash. | Radioanal
Nucl Chem 302 (2004 809,

7l R, Chakravarty, §, Chakraborty, K. V. Vimalnath, P. Shetty,
H.D. Sarmu, P A Hagsun and A. Dash. RSC Adv 5(2015)
91723,

(8] K.Y Vimalnath. S, Chakraborty, A. Bajesward, H.ID. Sarma,
I Nuwad, U. Pandey, K. Kamaleshwaran, A. Shinto and
A Dash. Nucl Med Biol 42 (201 5) 455,

191 8, Chakraborty, K. §. Sharma, A, Rajeswari, K, V.
Vimalnath, H. D. Sarma, U. Pandey, Jugannuth, R. 5.
Mingthoujam, B, K. Vatsa and A Dash. ] Mater Chem B
3 (2015) 5455,

[10] T. Das, 5 Chokrsborty, H.D. Sarma, F. Tandon, §.
Banerjee. M. Venkatesh and M. AL Pillai, Nucl Med
Biol 36 (2009 568,

(1] M.S.A. Khan, R. Chakravarty, 5. Chakrmaborty, K. K.
Kamaleshwaran, A, Shinto and A, Dash, ] Radioanal
Mucl Chem 307 (2016) | 105,

Dr. K. V. Vimalnath Nair joined the Radiochemicals and Radiation Sources programme of Board of
Radiation and Isotope technology (BRIT), a unit of Department of Atomic Energy (DAE) in July 1998,
Following the restructuring of radivisotope programme of DAE in May 1999, the Radicchemicals
programme was tansferred to Bhabha Atomic Research Centre (BARC) and since then he 18 serving in
Isotope Production and Applications Division of Isotope Group, BARC. He did M.Sc. in chemistry and
Ph.D. iscience ) ut University of Mumbai. He has 35 publications in peer reviewed journals and about 70
publications in national and international conferences,

D 8. Chakraborty 15 presently looking after the activities of Radiochemicals Section of lsotope
Production and Applications Division in the capacity of Group Leader and also-an Assistant Professor
of Homi Bhabha National Institute (HBNI). He did his M.Sc. in Chenustry from Jadvapur University,
Kolkata. Subsequently, he has joined Bhubha Atomic Research Centre (BARC) in 1999 yraduating from
42% Bawh of Training School (Chemistry Discipline). He did his Ph.D. from Unmiversity of Mumbai in
20006, He was-a Postdoctoral Research Fellow in Purnde University, Indiana, USA during 2008-09, His
research interests include radivisotope production, radiochemical separation ind mdiopharmaceutical
Chemistry. He hug co-authored Bl papers in peér-reviewed international journals.

TANCAS Bulfetin



Radioisotope Production in FBTR, Kalpakkam

Debasish Saha, G.V.S. Ashok Kumar. MLP. Antony, R. Kumar* and M. Joseph

'Fuelchemistry Group, Chemistry Group, IGCAR, Kalpakkam, Tamil Nadu-603102, India
Email: rkumar@igear. gov.in Fax: +91-44-2748068; Phone: +91-44-2748098

Introduction

A large number of radioisotopes find extensive applications
today m almost all the fields ke Industry, Geology, Chermmcal
Science, Medicme, agneulivre, space ete. Many of them are
even providing unique and exclusive solutions for the challenges
in different areas. Even though there sre radioisotopes availihle
in nature, they do not have sufficient scope 1o satsty the specilic
requirements of o wide range of mdistion characteristics varving
with the field of their applications, Henee the concept of tilor-
miade radioisowpes for such applications s always inevitable,
Fortunately there are many methods available o produce the
radioisotopes artificially with the desirable radiation
characterstcs. The stability of an 1sotope is based on its neulron
1o proton ratio and the same can be disturbed o make it a
radigactive sotope by making itartificrlly either neutron excess
by irraciating with nevtron in anuclear reactor or neutron deficient
by ierodiating with high energy charged particles inan accelerator,
Hente the sources of artificial radinisolopes can be from nuclear
fission, radionuclide generdtor, nuclewr reactor and acceleraton.
The focis of this article is on the fepsibility studies of producing
some mdivisolopes useful for medicul spplications using the
only fast reactor available in India, the Fast Breeder Test Reactor
(FRTR), Indira Gandhi Centre for Atomic Resenrch (IGCAR),
Kalpakkam The reactor was made available only recently for the
above study even though it became critical in October, 1983
with the ohjectives developing fast reactor technology (1],

The type and quantity of isotope produced in a nuclear
reaetor depends on the nature of reactor, neutron énergy,
neutron Mux, target psed in the irradiation, neutron absorption
cross section and types of ouclear reactions the turget cun
undergo. The radioactivity of the desirable radioizotope that
can be produced in a nuclear reactor [2] is given by

A=Nop(l—-e ™) By

where A - Activity of the radiosotopes produced of the
target irradiated ina nuclear reacior. o- the neuiron activation
cross-section leading w the production of radicisotope of
interest in barn, @-the Nux inn s, - the time of irradiation.
A the decay comstant =0.693/1, of the radioisotope produced
in the renctor,

However with the condilion
activity becomes

=t ., the saturated
A= Noo By

This clearly shows that the growth of activity in a target
under irradiation 18 exponential in nature and reaches o
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saturation value limited by the neotron (lux in the reactor.

Maost of the reactor-produced radivisotopes are
produocts of the (n, ¥) reaction which is primarily o thermal
neutron regction. The product 15 another 1sotope but of the
target element itself and hence it is difficult 1o separate. This
results into the production of a radicactive 1sotope of low
specific activity. However the reactions of the type (np).
in.x) ete use neutrons of higher energy called threshold
energy ind hence involve primarily the use of [ast neutrons.
The purificution of the radioisotope of interest in these cases
involves easier elemental separation resulting into a higher
specific netvity or carmier free product,

Initial venture of producing radioisotopes using FBTR
was started with one of the imponant isotopes ™St which is
medically useful especially for the treatment of bone pain
palliation 1n the cancer patients. This essay summarizes the
efforts 1w establish the flow sheet for the produoction of ™Sr
after irrudiating the targetl yitria in FBTR. Similarly the
leasibility study of producing another sotope 2P in FBTR
which isalso useful in the medical field, especially again bone
pain pialliation and also some biological applications was
studied but using the small fast lux peutron available in the
resedreh reactor KAMINT in Kalpakkam.

Radioisotopes used for bone pain palliation

Mujority of the cancers such as prostute, breast, lung,
thyrodd, and kidney cancers in their advanced staee develop
into bone metastases. The metastasis (5 0 very painful clinical
condition and 15 achallenge for the quality of Tife of the cancer
patient, Radionuchde therapy 1s a commonly used technigue
tor the bone pain pallintion. The desirable charactenstics of
the radinisotope for such application inelude that 1t should
have selective absorption in the bone. cavse minimum damage
tor the normal cells, have optimum bielogical half-life. be easily
avuilable, be affordable ete. The efforts are in progress o
identily and establish the most suitable radicisotope tor the
purpese [3]. Bone consists of calcivm hydroxy] apatite,
Ca (PO, (OH) [4,5] and hence the radiophurmaceuticals
tirgeted towards bone lesions can take either the Ca or P
route. The bone seeking radionuclides vsed for the bone
pain palliation are mainly short hved in nature and are
associited with high energy betw emission such as ™S, "'Sm,
"Hao, "Re, and "Re or alphaemitters {(*“'Ra) [3] Among the
various radiopharmuceuticals, US Food and Drug
Administravion (US FDA) has approved only three
rudiopharmaceuticals |6] which are *Sr-Strontium chloride.
AP-Orthophosphate, and “*Sm-Ethylenediaminetrimethy lene
phosphonic acid (EDTMP), P was the st radionuelide
widely used in bone pain palliation therapy which is
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mntravenously injected o the bone metastatic cancer patients
as orthophosphate in dilute hydrochloric acid medium,
However, the use of these radionuclides results mto a mild (o
severe bone murrow suppressiodn [7,8], which is not observed
in the case of "Sr [9-11]. Being an alkaline earth element, Sris
hiological anulogues to Ca and has a high affinity for
metabolically active bone. Alter its inlravenous injection, it
selectively concentrates at sites of increased osteoplastic
activity. The whole body retention of 5t was found tobe | 1-
BR% in 90d after the injection depending upon the skeletal
tumors burden [ 12]. The biological halt-life exceeds 50d in
ostenplastic metastases even though it 1s only 14 m normal
bone [12]. The recurrent bone pain ean be safely weated ar 3
months inervals but the wxicity is cumulatve [ [3]. “Srhasa
relatively longer half-life that helps in its comforable supply.
“SrCl, is marketed by the nume METASTRONY worldwide.
U and *'Sm are the alternative candidate materials for bone
pain palliation which may be utilized under different
conditions,

Production of *Sr

The radivisotope "Srisa [ emitter withE_ ol 1.495
MeV and hall-fife of 50.57 days with a very low intensity
pamma emission 1. 000955 of 909,15 keV [ 14]. Theére are
mainly three methods by which ™Sr can be obtained e i)
“Srin.y) "Sr reaction in thermat! reactor [15,16], 1i) Using
gascous “Kr from solution reactor [17,18] and 11) ¥Yin, p)
“Sr reaction in Fast reactor [ 19-21] However these methods
have therr own advantages and limitations,

8r (n,y) MSr using thermal neutron irradiation
facility

Natural strontium 15 not mono-1sotopic but consists of
“8r, Sy, Sy and Srowith their associated abundance of
0.56%, 9.9%, 7.0% and B2.6% respectively. The Sr-89
radioisotope is formed in the target containing strontium
carbonate or metallic sirontium by the neuiron capture
reaction, "Sr (n, y) "Srin a thermal nuelear reactor A highly
enriched target containing *Sr=99.9% |s used For the
elimination of the undesirable *Sr from “Sr (1. y) ¥Sr, as well
as for the better vield of ™St The cross section of the reaction
=8r (n, y) "Sris found 1o be as low as 3.8 mbwhich is the
lmitstion of this method of production. This method offers
*5r source with carner *8r due to the challenging rask of 15
ISOLopic separation.

Solution reactor

MSr 15 generated in significant quanuties in the fission
process associated with the heavy nuclei. But the
accumulation of S in moch higher content compared 1o the
required purity of less than 2x1079% makes it unsuitable source
for the medical application, However ™8r ix selectively
extracted from o fuel of solution reactor. It is obtained lrom
the gaseous radionuclide “Kr (1, =190.7 5) in the decay chain
“Se—"Br—="Kr—"Rb—"Sr which is free from *Sr. The
pure *8r source i oblamed from the separated gaseous
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precursor “'Kr from the solution reactor containing water
solution of uranyl sulfate U0 SO However the solution
reactor is not commonly available

Y {n,p)"Sr using fast neutron irradiation facility

This method is based on the threshold reaction ™Y (n,
p) *Srwhich uses the fast newtron ux of a fast nuclear reactor
with o cross section of 75.5 micro barn and a threshold energy
of 720 keV. A target containing nataral mono-isotope ™Y is
irvadiated in b nuclear reactor with fast neutron spectrum and
i5 subsequently subjected to radiochemical reprocessing for
the separation dand parification of the™ Sr source 5o produced.
This method offers the advantage of obtaining *'Se source of
high specific activity asit involves elemental separation of Sr
from Y target. However the production route demands an
iradiation facility of fast reactor and hence depends upon
the availability of the fast reactor technology.

Production of ¥Sr isotope in FBTR

IGCAR has a fast reactor facility 1.e. Fast Breeder Test
Reactor (FBTR ) and "'Sr production was taken up vsing the
tast nentron wradiation facility available i the reactor. The
tollowing sections describe the feasibility smudy [ 1] carned
out i FBTR to produce ©Sr source using ™Y (0, p) "Se.

Target preparation and Irradiation

Yira powder obtwmed from vanous sources (Indian
Rare Earths Limited 99.9% purity, Alfa Aesar, 999999 purity )
was nsed without Turther purification. Pellets were prepared
by wsing either addition or no wddition of sintering aid (Zn0,
0.1 wit), The pellets were sintered at 16007C for 3 hours with
uniform heating and cooling rate of 5°C/min. The pellets were
loaded 1o o stainless steel (85) irradiation capsule which wis
filled with He gas and weld sealed. The irradiation capsule
was then locked into the special imidiation sub-assembly
IEZ 1K) and loaded intevthe FBTR | 1|, However the imadiation
was carried out for varous durations and ot varous positions
of FRTR in different campaigns based on the availability of
the reactor. Alter the radiation, the capsule was removed
and transferred o a hot cell and cut using a laser cutting
machine. The irradiated pellets were removed into an 58
contwiner. Standurdization of the chemical reprocessing
procedures in an analytical scale was earried out by using a
single pellet hefore proceeding for bulk operation. The contact
dose per yitria pellet of =1z of FBTR irradiated wt core centre
was observed o be 20mSvihr when it was removed after a
manth from the end of irradiation. The dose level wis again
different for the pellets irraduated ot different locations and
different duration as the neviron flux seen by them was
different,

Dissolution

The analytical scale dissolution of the iradiated yiiria
pellet of =1g was accomplished in cone. HND, under reflux
condition [ 19] 10 fume hood, However the bulk dissolution of
uradiated yitna pellet of about 25g was carried out in 9M
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HNO), medium under high pressure and temperature inside
the hot eell faetlity using a T1 contwner. This was necessary
because of the high dose associated from the by-product ™Y,
an intense gamma emitter. The acidity of the dissolver solution
was subsequently adjusted to [2M HNO | for the betler
extraction efficiency, The dissolver solution contained various
radio-isotopit impurities [ 22] such as the activated prodocts
of 1) the target impudties i.e. "'Tb, "™Eu and "™ 'Ce i) the
clad material in FBTR i.e. *Coand *Mn and iii) the sintering
aid Zn0) vsed during the target preparation i.e. “7n along
with the by-products ™Y and *Rb as shown (Fue 1),
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Figure | Production scheme of *Sr along with other
agcompanying reactions [21]

Purification methods

Purification of ™8r from the ytrium matrix of the
dissolver solution was carmied out by two methods Le 1)
solvent extraction using TBP in which the bulk virmum matrx
was sepurnted followed by the purification of Srsource by
cation exchange chromatography using Dowex SI0W X8 resin
[19] and ii) Solvent extraction using the Sr-Specilic Crown
Ether 4.4°(5%) tert-buty] cyvelo-hexano- | B-Crawn-6
(DBuCHIBCH) in which the Srwas selectively removed from
the matrix element yirium and other associated impurities
[22]. In both the cases the fnal Sr faction wis concentrated
and the source was made up toa known volume in the desired
medium, The Sr-source was quantified by radiometric
techniques and was subjected to the recommended quality
control (QC) evaluations,

Purification of "5S¢ source using Solvent Exiraction
followed by cution exchange chromatography

Solvent Extraction

The distribution coeflicient, DY) for the extraction of
yitrium with TBP increases with increased [HNO, | [23], a
favourable condition for the direct extraction of yitriwm {rom
the dissolver solotion of higher acidity mediom, The
separition of yitrium from the dissolver solution by solvent
extraction using TBP was carried out for both analytical scale
as well as bulk scale. In the analytical scale pperafion, the
dissolver solution of a single rradited yitna pellet wos
subjected to solvent extraction using pre-cquilibrated TBP
with cone. HNO, in & fume hood facility, The aqueous phase
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was extracted thrice using every tme fresh organic medium
of TBP- HNO.. This resulied mto the complete removal of
" Th, a near complete removal of Y and only a partial remaoval
of "'Ce into the organic phase (Fig.2).
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Figure 2 Analytical scale solvent extraction profile ol d
dissolver solution with neat TBP-HNO , Ay,
phase: 16M HNO,

Howewver the aqueous phase of the dissolver solution
retained complete ""Zn and partial yurium along with the 1otal
“H58r In order to standardize the procedure in the analvtical
scule, the Srotracer containing S was added inlo the
dissolver solution so that the Sr assay was easily
accomplished using the gamma signuture of ¥Sr as the “Sr
produced in the target iv @ pure beta ¢mitter. The relative
insignificant increase of “Zn activity observed in the
agueous phase after 2" extraction is attributed to the sctivity
fluctuation inherent 1o the radiometric technigues, However
the extraction for the dissolver solution of 12M HNO, in the
hulk scale separation was comed out five imes using pre
equilibrated TBP-HNO,| medium which was added freshly
every time in the hot cell facility through master-slave
uperator. This resulted into o near complete removal of the
matrix element vitrium along with the partiol removal of other
radio-isotopic impurities 1o different levels (Fig.3).
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Figure 3 Bulk scale solvent extraction profile of dissolver
solution with newt TBP-HNOG |, Aqg. phase: 12M
HNO,
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Ion Exchange

The agueous fraction oblained from the shove solvent
extraction experiment contained St along with a number of
radioactive impurities such as“Rb. “Sr. *Mn, “Zn, *Co, "y
and "'Ce, The “"Sesource was therelore further punified using
cationic exchange chromatography. The purification was
established in the analytical scale where the pure beta active
“8r was traced usimg the corresponding gamma emitting St
tracer S, Based on the reported distribution coefficient
dhatn [ 197, column experiments were camied out using IMHNO,
as cluant.

The feed solution in {4 [ M HNO, containing """Sr tracer
wis loaded onto the glass column containing the slurry: of
DBowex SOW B { HOO-200 mesh) resin pre-conditioned using
O EM HNG . The elution was carmied out using 1M HNO,, The
addition of the Sr trucer facilitated the easy sample assay by
samma specicomeiry o establish the separation profiles
(Fig 41.A clear base-line separation of Sr source from the other
radivactive mmpurities was obtained by this method. However
the elution of the yirium held in the column was carried oul
using a higher acidity i.e. 3M HNO, 10 shorten the elution
time. The same method of purification was used 1o obtgin
pure “Sr source from bulk scale dissolver solution also with
some minor modifications or fine tuning for a Faster
completion of the separution.
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Figure 4 Analvtcal Scale cution exchinge chromatography
for the separation of Sr source

The elution profile of the various radicactive isotopes
wis established vsing their assay by radiometric techniques
such as pamma spectrometry by HPGe detector for monitoring
pamma emitting nuclides and beta assay of "Sr by Cerenkov
detector.

Purification of ™Sr source using Solvent Extraction
{crown ether)

The Crown ether and the associated diluent were
chosen for the purilication of 5r from Y matnx based on the
reported data in the lemture [ 19.24], For the analyiical scale
purification, the sepuration of "'Sr was carried out using 0.2M
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DiBuCHI8CH/octanol from the dissolver solution of the
irradinted ytria in 12M HNO, medium. The dissolver solution
contained 0.17M of bulk Y and the associated activated
impurities produced during the wradintion. The dissolver
solution was equilibrated twice with fresh 0.2M DiBuCH1BC6/
pelanol every time maintaining both organic and sgueous
phuse of equal volume (Fig.5.). Al the end of the solvent
extraction the camulative volume of org. phase was serubbed
twice with equal volume of 12M HNO, to remove the other
truce impurities co-extracted with "Sr. The ™Sr in the organic
phase was then back extracted thrice using fresh pH 2 HNO,
solution every wme 1n which the rato of arganie (o agueous
phase was always maintained 1:8. In all these cases, the
equilibration and phuse separation time were always
maintained  10min each. The cumulative ag. phase collected
together was kept for evaporation under IR henting. The dned
mass wis hrought into the solution of 1M HNO, The activity
ol "Sr was measured by Cerenkoy counting,

100

a4

| Organic |

# 8

Rb{l} Mn{ll} Cofll) Zn{l) Yiill) Eufin) Ce(iv)

Sl
| Aqueous |

Figure 5 Analyiical Scale Crown Ether extraction of Sr {rom
dhissolver solution (prior o scrubbing stage)

=]
I

o)
n
i

g

% Extraction of metal ions

ad
e
i

100

Subsequent analysis of the scrubbed organic phase
showed the presence of only “Sr (1T) which was free from the
other impurities present m the dissolver solution. The other
impurities such as Cet IV, YT, EueTT), Modll), Co(1l) and
RbiT} were already removed during the scrubbing with pH 3
HNO, but along with about 129 Sr.This procedure estabilisheéd
the pure {raction “'Sr obtained by Sr-specific crown ether
DiBuCH 1RCH even though encountered some loss of Srsource
during the scrubbing stage. In order W mitigate this problem,
the repeated extraction of the S¢ from the scrubbing rengent
is heing mvestigated. Alternutely the purification by cationic
exchange chromatography using Dowes resin s 1o the cose
of the other purification method is also being investigated.
While the retention of Sr(I) in the crown ether organic phase
can be attnbuied to 1s 1:1 complex formation the low
extraction of Ce and other impuorities are attributed 1o the
possible formation of weak perching type complex and no
complex formation regpectively |22). In bulk scale operation,
0.1M DiIBuCHISCH/octanol was used with the dissolver
solution in 9M HNO The purification of the "5Sr source in
the case of bulk scale was accomplished using the same
procedure standardized for the analytical scale as described
ahove,

TANCAS Bullerin



Quantification of the "Sr

Since St s a pure beta emitter with very low intensily
of gamma ays [ 15], it was quantified using var ious radiometric
techmiques such as beta gas proporbonil counter, lguid
seintillation counter, Cerenkoy counter and Gamma
spectrometry. The assay by GM counter involved the
following procedure 1e: first the efficiency calibration of the
GM counter was established using standard beta sources
suchus"Co (B 031 MeV), *'Bi(B__ 1.17 MeV)und *'Sr-
Y (B, 2.2 MeV). The efficiency for "Sr source of (§_
1495 MeV) was obtmned by interpolating the efficiencics
obtained for the standard sources *Bi and "5r-Y, A fraction
of ®8r solution was used (o prepare the planchet for the
assay, Similarly the efficiency calibration of Cerenkoy and
LSC Counting system of HIDEX make was also established
using the standard sources of "H, “Te, *T1, *Sr, “P and "
("5r). The weak-intensity pamma encrgy of 909 keV of "Sr
source was also useful for its quantification by high resolution

gamma spectrometry psing HPGe detector, The yield of "'Sr
was obtained for different camipaigns (Table: 1),

Table. 1. "Sr production in different campaigns

Irr Irradiation *Cumulative Tortal
No, position duration/ Activity
FBETR lrradiation “8r/ run
1" Core Centre Tid LIS
e 4" Rng 114d A45miy
3 5" Ring 3d 20mi
o All getivities are ax on eid of Trradiation

The acuvines of the varons radicactive impurities
were ulso guantified using high resolution gamma
spectromietry. The flow sheet for the purificaton of “Sr source
lrom its irradiated Yitria pellets by the above two methods in
the bulk scale can thus be represented as shown in Fig.6,

898r Production in FBTR

Pellet Preparation
Hixly Denamy Sintered

3 peilit

<z

Irradiation in FETR
Core Centree, 40 an 5 ving

X

TEP-IX Route

Disselution of Irradinted Pellets
UM HND

Crown Ether Route

Separation
(1008, nist) Iurgj 12 HNG , (ag)

Purificetion Duw.r_u..ﬂ.‘."i.i.- x5 [ 100-2040
mmes i) (Paire Sy abtsined)

Icnnmm:ﬂﬂnhlinmnlm

I_ Quantification and QC

[+ ]

THE-HNO, [hulk ¥ excenctod) \&

Beparation m
DtBuCHI1BCS/ octanoel |5: extracied)
O 1M (o), 98 HNG | [nig)

I Borubbing (B3 HNO ) (Pure Sr obiaimesd| |
_

2

| Back Extraction (pil 2 MNO,| E

I Concentration to s known velume g

| Quantification and QC g

Both the process Standardized and demonstrated to analytical and bulk scale

Figure 6 “Sr production Row chant by hoth TBP-Tan
Exchange and Crown Ether processes for bulk scale
operation (FH: Fume hood)

Quality Control

Warious quality control medisures such us measurements
of pH, residual NO, ion content, radioactive and non-
radipactive impurities were corned out using a range of
estublished techniques: The radionuclidic purity of the "Sr
source obtaimned above was established by meassuring
experimentally the half-life of the source by plotting the
activity variation with time vusing Cerenkov counting and
obtaining ity hall-live from the profile. The half=life obtained
from the graph drawn Lot Activity) Vs Time was found 1o be
50 days which was in good agreement with the reported value
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of 3057 days |25]. The resulis of the measurement of the
various quality control parameters were found o be
satisfactory as per the recommended values (Table.2).
Biolomieal gquality control studies such as apyrogemoity,
sterility and bacterial endotoxin. were carried out with
simuluted sample and found 10 be in accordance with the
reguired QC norms and hence satisfactory. However the
overall qualification of the sctual source with respect o the
hiclogical quality control criteria is in progress,

Table 2 Quality control parameters of “Sr produced in
FBTR
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Conclusion

The Aow sheet for the punfication of "Sr source from
FBTR-irradiated vimmia target has been established, The flow
sheet was bused on the results from the analytical scale
purification using 4 single pellet of ~1e of the yiiria target as
well as from the bolk scale purification wsing ~77g of the
irradiated pellets in a dedicated hot cell facility [(Fig.7.)The
evaluation of the quality control aspects of the source obtuined
ahove was satisfactory, However the binlogical quality control
wis found to be satistactory only for the simulated solution
and the same s yet to be confirmed for the actual ™'Sr source,

The final imndiation compaign is In progress for the
total gualification of the source,

Trial Production of P isotope in KAMINI
Reactor

PP is o pure bets emitter with  half-life of 14.3 dand «
typical whole body biological half-life of 39.2 . Apart from
15 usage for bone pain pallianon theapy, 10 s also g ireatment
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of choice for polycythemma vern and thrombocythaemia [26].
As a tracer, P has several other applications in the field of
plant physivlogy, soil chemastry and the mechamsm of nuirent
tptake in the plants [27]. This can be produced from the
redction 'Pind) P by iradiating phosphorus in a thermal
reactor o from the reaction “S{n,p) P by irradiating sulphur
bearing targets with fast neutrons | 28], The former method
has a high yield but gives a product of low specific activity.
However various other isotopes are plso produced
simultanecosly during the irradiation of sulphur with neutrons
i Fg ),

Figure § Production pattern of different isotopes during the
irradiation sulphur

Bt the latter method renders “P of high specific activity
because of the feasible and simple elemental chemical
separution. Therefore it is possible to produce carrer free P
of high specific activity through “Sin,p)~P using the [ast
neutron flux available in FETR, Kolpakkam. However the
required Tow sheet for the processing of the irradiated targets
wiis developed using the small fast luy available in the
KAMINT research reactor, IGEAR, Kalpakkam.

Development of flow sheet

Even though the sulphur powder s the target resulis
into the maximum yield for F, the possible vapour pressure
inctease during its irradiation at the high temperature in FBTR
may be of u concern and the safery aspects are to he
addressed before proceeding with 1ts usage as the targel
Hence the flow sheet was developed for the other alternate
targets such as magnesinm sulphate and strontium sulphate
beside the sulphur powder 1wself [29]. The feasibility of ¥P
production via ¥8 (n. p) ©P reaction using the above sulphur
bearing tnrgets was established by irradiating them with the
small fost Mux available in the mesearch reactor KAMINI,
Kalpaklam. The flow sheet established in the experiments is
to be utihzed for the large scale production using FBTR
irvadiotion facility in future. The Now sheet developed using
these targets are described in the following sections.

Magnesium sulphate as Target

10 g of magnesium sulphate (99 %) was uradiated in
KAMINI reactor for ~ 4.5 h at south thimble position that has
the thermal neatron flux of 3.6E8 n em™ &' “P produced
during the iradiation of MgS0_TH,O target in KAMINI
reactor was converied into phosphate by addition of H,O, in
diLHNO, medium which was subsequently precipituted us
Struvite using ammonium hydroxede ag pH 8- 100 | 30].
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My NH, + POT M0 Mol NH VPO, 6H 0 L (Strivite

The Cerenkov unulysis showed that =80 % of “P was
precipitated as struvite and <20 % of “P in the supernatant,
The “P in the supernatant was recovered subsequently by
precipitating it again @5 struvite und by repeating the method.
The “P m its phosphate form in HCl medimn was separated
from Mg in the dissolved struvite solufion using cation
cxchange chromatography with DOWEX SOWXE ( 100-200
mesh} resind Fig. &),

T |

T = T 7 T
———— | EE———  — [
—— 1077 MG A1 HClv—C‘_ &
(1
.
E 14 E
pEET H i §
: - -
w1 e
= 2+ v 2
3 g 5
5™ ' B
] E
L]
530
|
n-d ¥

T v T T ¥ v T
a m ik ol a8 »n FL i ay { 1]

Volume of tha eheent {mL)
Figure Y Elution profile of “P (phosphate) separated from
Mg by cation-exchange chromatography

The sample lractions were wnalvieed for “F content
using Cerenkov counting and Mg content by complexometric
litration using EDTA. Over 99 % of the initial activity of *P
was eluted in the first 2 fractons of about |OmL volume of 10
"M HCI ntself. Mg was subsequently eluted using 111 HCL
The separated P from hoth struvite precipitiate and the
supernatant solution was gquantified using Cerenkoy
detection. About 83 nCl of “P was produced per 1 g of
magnesium sulphate target in KAMINI reactor at south
thimble position, The punty of “P was confirmed by observing
its comparable alf-life with that of reported value in literatune,

Stronfinm sulphate as targel

About lg of SrSO, (%9 %) was irradiated for 6h in
KAMINI reactor at pneumatic fast transfer system (PFTS),
with thermal neutron fux of 16EL] nem ‘s, The irradiated
SrS0, 1arget was dissolved in water by converting il into its
carbonate precipitate by adding sodiom carbonate [31]

A Srerrey

Sr80 4+ Na,CO, —21 5 600 L+ Nt 50,

The 5rC0O, precipitate was dissolved in HCI and
converted into SrCl1,. Further P in the SrClL solution wis co-
precipitated as ferric phosphate along with ferric hydroxide
on addition of ferric chloride and ammonium hydmoxide. The
sume 15 followed in the case of Gilimate also ie.

FeCl +3NH OH — FelOH), L +3NH C1

FeCl +PQ, — FePO, L+3CT

The conditioned solutions from residoe and filirae were
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combined as the teed for cation exchange chromatography
g Dhowex SOWXE (100-200) resin to punfy “P from Seand
Fe. “P wuseluted by 0.1M HCl and Srand Fe by 3M HCL The
eluted samples were assuved by Cerenkov counting (o
guantily 1 The elution profile of *S5r and "5S¢ produced
during the irradiation was established by the assay of “Sr by
HPGe detector and "Sr by Cerenkov counting. Fe content of
the samples was prafiled using ICP-QES. A clear base hne
separation of “F from Fe and Srowas achieved (Fig, 10},

T R [T [T T T =

dovient m N T
N g T 5
- o
E 14
hel
Last @
R0 g
e |

Soovt
- =8
ey
u TP il

nTlﬁz!n;iI;d;hl‘lmhn.il1lln1;nrm1:}
olurme of Edwent {mL)

Figure 10 Elution profile of “P (phosphate) separated from

Fe & Sr by cation-exchange chromatography,

On repeating the method sepurately for the residue and
the flteate, the P found in the residue fraction secounted for
75 % ol the total P produced while the rest wiis found 1o be
present in the filtrate fraction. The amount of =P obtained
together in both residue and filiate by this method was 7.57
10 g of target which accounted lfor 99.8 % of the caleulated
yield of P The purity of “P was confirmed by obtaining its
characteristic half-life by from iis decay profile established
psing Cerenkov counting assay, The pamma spectrometnic
anolysis of the sample also confirmed the absence of any
AT IMpritics

Elemental Sulphur as target

About 5z of elemental sulphur powder (98 %) was
irradiated in KAMINI reactor at north thimble position for 6h
with thermul a newtron flux of 1L.IE10 nem=s!. ~1g of the
irrudiated trger was added with 10mL of glacial acetic acid
fnd the mixture wis heated o the boiling point of the medivm
e 1200 for 20min [32]. During this process the sulphur melied
resulting into the release of the phosphorous s phosphate
into the acetic acid. The mixture was allowed o cool 1o moom
temperature. The Sulphur was solidified and the supernatant
which contgmed “P was {iliered vsing whatman 342 filer
paper. The Sulphur was again treated similarly with fresh
glacial acetic acid four times to extract the “Peompletely. The
P was assuved by Cerenkov counting. Another similar
process was standardized where rapid cooling of molien
Sulphur was carried oul to recover the “P. The separated P
wits conditioned to 0. 1M HCT and was ased as Teed to purify
the source by cationic exchange chromatography using
Dowex SOWXE ( LI0-200 mesh) resin. The fead solution was
introduced into the column and the elution wus started using
0,18 of HCI followed by &M of HCL The analysis of the
eluted samples was carried out using Cerenkov counting for
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“P. A clear base line separation of “P from the catonic
impurities was observed (Fig.11).

apap -
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Figure 11 Elution profile ol *P {phosphate) in cation-
exchange chromatography

The total recovery was found to be -96% of the
caleulated valug of “P content produced in the case where
natural cooling was implemented and 99 % of recovery was
uhserved in rapid cooling method. The amount of “P produced
was found to be 043 Cifg of Sulphur in this case,

Conclusion

A ftow sheet has been standardized for the separation
of “P trom the various targets i.e. magnesium sulphate,
strontinm sulphate and clemental sulphur powder mradisted
at KAMINI reactor using its small fast {Tux neatrons available,
The procedure can beextended for the large scile production
of "Pin FBTR owing Lo is high fust Qux neotrons. The most
desirable target would be the elemental sulphur but the choice
will depend on its technical clearnnce for its irmadiation in
FBTR. Else the strontium sulphiate or magnesium sulphiite
vin be used as the target for the production of =F.

Future program

There are various other radivisolopes can be produced
in Fist Breeder Test Reactor. Some of them include "'Ca,
Wem8n, “Zn ete. These isotopes can be produced througsh
SN, o, U San,n” ) S and MCunp)™En reactions,
Standardization of the flow sheet for the production of “'Co
i5 10 Progross,
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Introduction

Radivisotopes hove various applications, However,
their most important application is in health care, where
radivisatopes are used to assess the function of an organ in
disease and health, They are also used in therapy of disease
such ag cancer, Nuclear medicing 14 the branch of medical
seience which uses radiolsotopes for disgnostic or
therapeutic purpose by administering radioisotope in 4
suitable chemical form, called radippharmaceutical (RPS),
Hungarian chemist George Churles de Hevesy proposed the
tracer principle and published in 1923 the first study on the
use of the naturally radivactive ““Ph us radicactive tracer o
follow the absorption and translocation of lead by plant [T],
which paved the way for ose of radioisotopes as o diaggnostic
twol, LS. physician, Hermann Blumgan first studied the
velocity of blood in veins by injecting a solution of *Bi [2],

Radioisotopes used in nuclear medicine are artificially
produced in a nuclear reactor or in a charged particle
pecelerator, usually & evelotron, Historically radiosotopes
were first produced in cyclotron after its invention by
Lawrence and Livingstone in the year 1931[3]. In 1941 the
lirst commercial medical eyvelotron was installed ai the
Washington University, St. Louis for the purpose of
production and supply of various radioisotopes, Scon the
demand of mdicisotope increased und existing cvelotrons
werg unable w cope withe The siwation changed after the
World War-I1. The nuclear reactors. at Oak Ridge and Los
Alamos which were sel up to make atom bomb were used 1o
supply huge guantities of radioisotopes al o cheap cost,
Because of these reasons cyclotron produced radinisotopes
were neglected for some ime, With the rapd growth of nuclear
medicine, it was soon realised that in cerain cases reactor
produced radioisotopes could not satisty all the growing
demands. Since reactor produced radioisotopes are generated
mainly by using the (n.y) reaction, the range of radivisolopes
that could be produced is limited and oll are of *n rich’ type
which underzo 3 decay. The imporiunce of cyvelotron wis
therefore felt and wday it is the only (ool for the production
of certain “n deficient’ radicisotopes,

In nuclear medicine about W% of the dioisotopes are
employed in diagnostic procedures [4]. The most commen
radioisotope used in diagnosis 15 “"Te (technetinm-99m),
accounting for 805 of all nucléar medicine procedures
waorldwide. It has been reported that oul of all the
radivisotopes used in nuclear medicing, more than 80% are
produced by research reactors, The remaining radicisolopes
are produced by particle accelerators. Howevet, the
importance of radimisotope production in cyclotron is growing,
Radioisotope production in cyclotron has several
advantages. Compared to cyelotrons, reactor complex s o
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huoge facility, produce lot of radioactive waste. commonly
used (ny) reaction produce radioisotope ol low specific
activity which are unsuitable for certain applications. On the
other hand cycloiron produced radioisotopes are mostly
camier free and hence have high speeific activity. Positron
emitting radioisotopes are produced only in cyelotron. Finally.
cvelotrons pose no risk in relation to puclear weapons
proliferation since they do not use high-enriched vranium
(HEU) targets. Medical radioizotopes are produced by hall a
diveen reactors which are mose than ) yeurs old. As a result
of this, equent shut down of these reactors adversely
affected the steady supply of tadioisoiopes dung 2008-20 10,
This prompted the policy makers to study the medical
radinisotope production feasibility without a nuclear reactor,
With this goal in muind, significant progress has been made
by the Canadian scientists, particularly in the production of
"=t in a cyclotron 5, 6.

Salient Features of Radioisotope Production in
Cyclotron

Radivisotope production in cvclotron is much
complicated compared 1o that in o nuclear reactor and bence
requines special attention (o severul aspects in preparing the
target and the targel irradiation chamber, When accelerated
churged particle of high intensity (several tens or hundreds
of pA) hits a target vertically, lnge amount of heal is generated
im i smal] ares which may cavse melting/evaporation of the
target materinl. Addressing this problem reguires, 1) target
cooling, i1} iradiation of the target af a grazing angle (=7%)
using an wobbling beam, 1i1) selection of 1arget material having
good thermal conductivity and high melting point
Simultaneous production of various isotopes {both stable
and radioactive) from various nuclear channels is a commion
feature in targel rradiation i a cvelotron, Undesired neelear
reaction products may be minimized by i) selecting the optimum
energy window for the irradiation (requires the knowledge of
the nuclear reaction data (or the production of the desired
rudioisotope us well as that of the impurity radioisotopes)
and i1) wsing enriched / monoisotopic target material, While
using costly enriched larpet material, it 15 imperative to recover
and rewse the target matenal in order 10 keep the production
cost low, While irradiating liquid or gas target in cyclotron,
the target matenial 15 enclosed in mnight chamber, the from
side of which is made up of a thin foil through which the
heam enters und irradiate the target. In selecting the window
loil. following parameters should be considered: i) s thermal
conductivity, il) its tensile strength, i) s chemical inenness,
iv) its energy degradation property. v) its susceptibility to
radivactive attivation and vi) its melting point. Some of the
above material properties should also be kept in mind while
selecting the materiul of construction for the target chamber.
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Cryelotron Produced Diagnostic Radioisotopes

Pragnostic mdiopharmasceaticals (RPS) are mcholabelled
with a radicisotopes emitling low energy pamma { 1O0-250)
keV) or with & positron emitter. The 1st categories of
radioisotopes are imaged with a planar gamma camera or with
a Single Photon Emussion Computed Tomozraphy (SPECT)
camera and the 2nd category with o Positron Emission
Tomography (PET) camera. The photons emitted from the
RIS, distributed over atissue, are detected with these camigras
and give a 2D or 3D image of radioisotope distribution on
that particular tissue. Radiopharmaceuticals are prepared by
adopiing various radiochemical synthetic approaches which
is out of the scope of this article. Summary of production
route of major cyclotron produced rudioisatopes, for
diagnostic application i given in Table-1.

More information on some of the important diagnosiic
radiosotapes and the applications of the RPS prepared with
thent are given below.

.HIIT'I

Enriched **T1 eleciroplated targets are used for the
production, “'T1 15 ebtained by the decay of the directly
produced ™' Ph. The most important RPS of this radicisotope
is [T thallous ¢hloride. 1t 1s used in myocardial perfusion
imaging for the dingnosis and localization of myocardial
infarction. Annlysis of stress and rest image taken with
[T thallows chleride may be used o differentiate between
myocirdial infarction and schemia, [T thallous chloride is
indicated also for the localization of sites of parathyrowd
hyperactivity in putients with elevated serum caleinm and
parathyroid hormone levels. It may also be useful in pre-
operative screeming 1o locilize extrathyrondal und mediastnal
sites of parathyroid hyperactivity and for post-surgical re-
examination, Mow-a-days [""TIlthallous chloride has been
Targely replaced by ™ Te based compounds (like "™ T labelled
miethoxy isobotvlisonitrile, MIBI).

IIJI

Radiotodine, "1, 15 one of the oldest radioisotopes used
in nuckear medicine. ' is being used for both dingnestic and
therapeutic upplications. However, il is nol an ideal
radioisotope for diagnostic application. On the other hand
T8 one umong the ideal radioisotopes used in diagnostic
puclear medicine. s application 5, however, limied due o
the logistic problem in producing it with acceplable
radionuclidic purity, Purest 'l is produced by proton
iradiation of pressurised enriched "Xe gas reet lodine
uptake stuaclies with |'='T}sodium jodide may be used for the
diagnosis of hyperthyroidism and hypothyroidism. | TimIBG
imetaodobenzvliouamdine) 15 vsed for the neuroendocrine
wmour imiaging. Maolignant tissue may be imaged with specific
monoclonal antibody or their fragment labelled with 'L
Peptide receptors, over expressed i certuin tumour cells, muy
be imaged effectively with the specific peptide radiolabelled
with 1L labelled Fatty acid. beta methyl p-iode phenyl
pentadecunoic acid (-BMIPP), muy be used for myocardial
imaging.
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"Ga

Enriched *Zn electroplated targets are used in its
production. Its moest important radiopharmaceutical is
["GaJgallivm citrate which may be useful in demonstrating
the presence of the following malignancies: Hodgkins
dizease, lvmphomas and bronchogenic carcinoma. ltmay also
be vseful as an a1d in detecting some acute inflammntory
lesions:

11!1:[.

Enriched '"“Cd electroplated targets are used for its
production. Several RPS of '"'Inare available. [ In]-leukocyie
may be used for infection imaging. Corestide radiolabelled
with ""[n is used in imaging cancer cells over expressing
somatostatin receptors, Monoclonal antibody ar their
fragmenis may be radiolabelled with '"'In for cancer imaging,
"M In]DTPA may be used in cisternagraphy (o find the leakage
of cerebrospinal fluid from the central nervous sysiem.

'l!mKr

This radioisotope is obtained from the "Rb/""Kr
rudinisolope generator. The parent radicisotope. "Rb, has
4.57h halt life. The daughter radivsisotope, ""Kr, may be eluted
45 pas or i agueous solution. ln gaseous form il is used in
lung ventilation imaging and in agqueovs solution for lung.
myocardiol and cerebral perfusion studies.

'I.H.F"

WE is an aitractive radioisotope lor use in positron
ertission tomography (PET), Is 110 min ladf-hife allows
complex or multistep organic synthesis and the RPS produced
can be utilised st sites moderately distunt from their
production centre. '"F as fluoride is obtawned by irradiation of
""0-enriched water with proton or by demteron imadintion of
neon gas containing small amount of H ina small eyclotron.
"F as carrier added ["FIF, gas is produced by deuteron
iradiation of neon gas contaiming small amount of F. The
relatively long physical half-life of ""F permits PET studies of
moderately slow physiological processes. Comparatively
lower positron energy (E,_= 0.635 MeV) of “F having a
short mean range (2 39mm in water), provides belter image
resolution, Detatled discussion on preparation of *'F-labelled
compounds is beyond the scope of this article, however,
excellent review articles on this are available [3132] Boelly,
“F-labelled compounds generally prepared through (p. n}
reaction on enriched "O-water target. For this reason
nucleophilic Muorination produces a product with high
specilfic activity, Many important "F-RPS including FDG,
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Table 1: Nuclear data and production routes of few eyvelotron produced diagnostic radicisotopes

Radivisotope, |Decay mode | Production roule Turget Ep. MeV Yield w EOB Rel.
1. mCi/uAh
TTLT73.0R  |EC T p. 30" Ph —='T1 En: Tl 285 120 mCifpA' T
B 13220 EC Hxelp, In) ' Cs— En, '*Xe 30 12 &
HXe—
HTalp. 0 )1 En. =& 014:5—11 37 9
“iGa, 78280  |EC "Znlp. In)""Ga En. "¥Zn 285 40 mCupa 7
"""In, 67.2h EC "Cdip, Zn)'''In En. '“Cd 2835 45 mCi/pA/ 7
Cp, 271.74d “Colp, 3n) Ni—="Co, Nar Co 40—24 2 1t)
*Ni(p. 2p)"Co En. “Ni =15 108 1
MaRr. 13.0s  |TT Krip, x)" Rb—""Kr Nat. Kr 2119 48 12
gt 281h  |IT #8r(p, 2n) VY —""Sr Nat. SeCl 4510 | 2620 270-400mCVC? 13
"F 109.77min | BHYTYEC(3) | "O(p, n)"F us "F~ En["OJH.0 18 I65mCipA 14
TNe(d, o) "Fas "F Nat. Ne+H, =2 [ B
“Ne(d, o) "F as "F, Nat. Ne+24% F, |42 28" i5
"C,2033min | Br(99.7) UN(p, @) "'C as "'CO, NaL N +0.5% 0, | 18 225mCifpA° 16
UM 980mm | [I199.8) “O(p. o) "N as NI, Nal. HO + 1ty 20mCupA" 14
3m Mol ethanol 17
O 20dmin | [FHS09) HOrp.py0 Nat O, gas 30-2626.5-25 35mCi A min’ 14
1 B C A S min 18
"Gar, 67.7hmin | Jr(88.9) “Galp, 2n)"Ge—"Ga Nat. Ga 45 14 pCiipAh’® 19
EC(T1.1)
MCu, 12.70h | ECi439) “Ni(p, n)*Cu En. *Ni 12 | 98 X
BFriTn) En. *Ni 155 235 21
[i38.5)
! 9.6Tmin | Bri97.8) “Culp, 2n)"Zn—"Cu Nat. Cu YUl 557 x
EC(2.2)
“Cu, 3.33h [ (61.4) “Nitp, m)"'Cu En.*'Ni 157 383 23
ECO8602M | "Znip, x)"Cu Nat. Zn 19— 1) RAY 24
“Rbe, .25m  |[B*954 Muotp, spally*Sr—"Rb Nat. Mo SN0 20-30C° 25
EC46 “Rb(p, 4n)"Sr—"Rh Nat. RbCl 561-39 .24 2
ML 4T BCT73 “Teip, n) En.'%Te 141 (.57 21
pr227 7
MAL 17.77d |ECH6[* 34 | ™Gelp, %) Nat, Ge 155 (128 78
"Br.96.7min | [}*(75) "Selp, In) En. "5S¢ 30—z 100 15
EC(5) (96.5%)
™Br, 16.2h [ (54) "Se(p. n) En, ""Se 168 17-19 x
EC (46}
"Zr. T8.4h EC(TT) "Yip. o) MNat. 1Y 15 52 an
3023}

"Cbtained from Y REKr generaton "Obtained from
Y-S penerator, CObrained from "Ge-"Ga generator,
WObrained from “EZn-2Cu generaror, "Obtained from 51
“Rb generaror, 'Yield ay meral elfloride ar the end of
radivehemical separation, " Yield of the paremt radioisotope,
Yield at the end of Ih feradiation, Yeld calenlared from
the excitation function curve, Yield of "C{CO,| at
saturation, "Yield of ["NINH ot the end of {Smin
irradiation, *Online continuous production as {70]0,
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Wield at EOT with 500 pA proton irradiation for one meonh,

FLT, FAZA, FMISO are prepared by nueleophilic and
electrophilic reactions, the former being the preferred method.
Nucleophilic substitution reaction (SN2 or SNAC) 1s carried
ot with no carmer added | "Flfluorde as the nucleophile etc.
have been prepared by the nucleophilic substitution resction,
Electrophilic fuorination utilises |"F|F, or milder reagents
prepared from it. ["FIF, is produced through *Ne(d.oc)"F
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reaction in carner-added form as a small amount of mactive
natural F, 15 required 10 be mixed with the Ne pas used for the
irradiation. Hence, "F-RPS with high specific activity cannot
be prepured by this method. The most impartant electrophilic
Muorinating agent is acetyl hypofluorite, CH,COOF, The
selective electropilic aromatic substitution may be carred out
by displacement of a metallic (He, Sn) substituent ("F-
Auorodemetallation). "F-fluorodestannylation is now the
preferred demetallation for the electrophilic route of production
of [ "Flo-fluoro-L-DOPA in which the timethyltin group at 6
position is replaced by the electrophilic “F Applications of
few importunt ""F- RPS are listed in the Table-2,

'IIC

IC 15 produced by proton imadiation of natural | gas
in @ small evclotron. Short half life of 'C limits the total
svnthesis time available in preparing a RPS. This inwum limits
the number of RPS that cun be prodoced. Tts short half life
ulso reguires handling larpe umount of radioactivity which
poses problems related to mdiation hazard during synthesis.
Automation of the synthesis process is therelore necessary
o reduce the risk of rdiation hazard ax well as the twtal
synthesis time. The radiochemical form of '"'C often used in
the symthesis of various precursors Tor the preparation of
NC-RPS are ['CICO,, ["CICH L [M"CIHEN ete. Applicauons

of a tew '"C based RPS are listed 1o the Table-3.
IJN

The mostimportant KPS of "N s [YNINH [YNINH, is
directly produced when 1-5 mmol solution of ethanol in water
s wradiated with 15 MeV proton beam. Yield of ["NINH, 1s
more than Y5%. About 400 mCi product is obtained in 13m
rrndintion at 20maA. [YNINH, is used in myocardial perfusion
studies using PET camera [45].

Iiﬂ

"0 is produced by proton irradiation of O, gas in a
small cyclotron. Important RPS of "0 are ["O]H. 0, ["0|CO,
anel [PONCO, Production of all these three RPS involves one
step process and requires few minutes for completion, For
example in production of |0 water, a steeam of helium oas
carrying [“ON0, from the target is mixed with hydrogen and
air and Pl.L\-HEd_lh['ﬂugh a converter containing palladium
catalyst (at 150°C), | "Owater is produced by combustion of
B0 with hydrogen, The synthesis takes 2 minutes and the
yield 15 70-80%. ["0J0O, may be converted to |"OJCO, by
passing ["O]O, through a furnace (300°C) containing
activated curbon and copper powder: Decay corrected yield
is 80%. [MOJCO, may be converted o [O]CO by
passingthrough a furmace (900°C) containing.

Table 2: Apphications of a few important "F-rudiopharmaceuticals

Radiopharmaceuticals Application Ref,
|"FIFDG Study of regional glucose metabolism; uselul in oncology, brain and
cardiac function studies 3334
"FIFLT Cell proliferation 5
["FIFET Aming acid transport rte 3h
["FIFMISO Tumuour hyvpoxia 37
|"FIEAZA Timaor hypoxia 38
|"FINaF Skeletal metastasis X
["FIFDOPA Presynaptic dopaminergic function 40
Abbreviations: FDG= Fluoradeaxy glucose, FLT= Flugrothymidine, FET= Fluaraethyl-L-tvrogine, FMISO=
Flupromisoniduzole, FAZA= Fluoroazomycimarabinoside, FDOPA= 6-fluorp-L-3 4-dilivdrocyphenyialni,
Tahle 3; Applications of a few ''C based radinpharmaceutical
Radiopharmaceuticals Application Ref.
["CICholine Identification of the location of recurrence prostate cancer H
["CIRaclopride Determination of dopamine (D ) receptor density in the human brain 42
["CIPiB(FB =Pittshurgh Compound BY | Imaging amyloid neuntic plaques that are associated with
Alzheimer’s Diseqse (AD) and mild cognitive impairment (MCT) 43
|"Clesrfentanil Imaping brain p-opiod receplors M

activated churcoal. Residual CO, is trapped on o soda lime
trap. Deciy corrected yield s 70%. While [POJH. O s used
in blood flow studies in hrain and heart [46, 47, 48], [YO]0,
is used to measure metaholic rate of oxygen in brain[48],
[“O)CO und ["OICO, are used to esimate cerchral blood
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volume [48] and flow [49], respectively.
H{sa
“Ga is oblained from the " Ge/™ Ga radioisolope

generator |50], Parent radivisotope, " Ge, is mostly produced
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by proton radiation of natural galliom target in a medinm
energy cyclotron, Specially designed target chamber is
required for the irradiation of Ga metal as it 1510 liguid state
above 30 °C and also due 1o its reactivity with most metals
under the irradiation condition. "Ge/Gu generator was
developed long back. But carly generators produced #Ga os
"Gu-EDTA complex which makes it difficult 1o prepare other
RPS. This is ane reason why this generator did not gain wide
acceptance at that tme. In the modem generator *Ga can
be eluted in simple fonie form suitable for preparing various
RPS. The most widely used “Ga RPS are based on
somatostalin anplog (“Gu-DOTATOC, "Gu-DOTATATE
etc.). which target tumours that over express somatostatin
receptors. RPS for many other receptors (CCK/gastrin
receptor. glucagon like peptide receptor. gastrin releasing
peptide receplor ete. ), which are over expressed in various
other types of cancer. are in different stages of development/
climical rinl. "Ga lubelled RGD peptide, which targets prostate
cancer cells, has undergone preclinical westing. Certain *Ga
hifunctional ligands used for tumour imaging can he
employed for therapeutic purpose by replacing ®Ga with
therapeutic radionuclides of rivalent metals, e.g. ™Y, "ML,
U8, and thus “'Ga is also a product of theragnostic interest
carrently, With the existing "Ga based RPS. and many new
pharmaceuticals under development, "Ge Ga generator
based RPS will pluy an increasing role in future; similar w
that of " T and "F products. Sangeeta Ray Banerjee et al.
have published [51 Jon excellent review article on the clinical
apphications of "Ga RPS.

ch

HCu is one of the very few radinisotopes in which all

Table 4: Diagnoste applications ol “Cu-rmdiopharmacenticals

the three decay modes, namely, EC' (43.9%), B(17.6%), [¥
(38.5% ) coexast. As aresult of this. “Cuo has potential use in
PET diagnostic imaping as well as in therapy. Electron captire
decay with its associaled Auger eléotrons makes "“Cuo more
efficient in cell killing. Its 12.7 hour half-life allows PET
eviluation of biochemical pathways whose rales are oo slow
to be analysed using readily available short-lived positron
emitting radionuclides such as "F, "C. The advantageous
chelating chemisiry of copper makes "'Cu uselul for labelling
hiomolecules through the formation of stable complexes with
hifunctional chelators like cyclic polyamines (cyclam) and
cyclic polyaminocarboxilates (DOTA, TETA, NOTA).
Applications of few "Cy-radiopharmacenticas are listed in
the Table-4.

“Rhb

“Rb s a positron emitting radisisotepe obtained from a
radioactive generator system by decay of 11s parent
radivisotope, “Sr. “Rb, analogue of potassium is taken up by
the viable myocardium and is therefore wsed (as
[ Bbrubidivm chloride) in assessing blood fow in myocardial
tissue, “Rb lias certain distinct advantages over other SPECT
(*"TL, ""Te) or PET (0. "N, *K) radioisotopes for
myocardial perfusion imaging. Compared (0 other SPECT
radioisotopes it offers high imaging resolution and less dose.
Uinlike =0, "N, *K it 15 available to the facilities withoul 4
cyvelotron, 25 34 d halfl Hfe of i1s parent, *S5r, with decay by
electron captore {1045 ), is convenient for shipping and
provides useful mdicactivity in a generator for at least a month
of freguent eluttons. However, the production of %S requires
high proton energy (50 MeV and above) and is only produced
in few large accelerator facilitics.

Radiopharmaceuticals Application Ref.
[MCu] ATSM Hypoxia imaging 52,
53

[“CuPTSM Quantification of myocardial, cerebral, renal, and tumour blood flow e
MCO-DOTA-cetuximab PET-imaping apent for epidermal growth-factor receplor-positive ( EGER)

Tmounrs pia)
[MCu]Octreotide PET imaging and therapy of tumour which over-express somatostatin 36

recepior on cell surface
["CuJRGI peptide PET imaging and therapy of tumours where 5,5 integrin is upregulated 57

Abbreviations: ATSM= diacetyl-his(N4- emission and electron capture. Being a positron emitter, its

methylthiosemicarbazone, PTSM= diacetyl-his(N4-
methylthiosemi- carba zone.

tl-ll’

As stated ewrlier, radioisotopes of iodine hold » special
position in nuclesr medicine. Since the chemistry of iodine
based RPS is well known for more than sixty years and many
radippharmaceuticals of "] are in use for o long time, it is
ensy to prepare similar RPS by just wking the required
radioiodine during the synthesis. "'l decavs by both positron
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RFS offer all the benefits of PET imaging. Emission of Auger
electrons resuliing from ns electron capture decay mode
mukes it @ potential therapeutic nuclide. Diagnostic
applications of some important RPS of “'T are listed in the
Table-5:

MEr

“Zr which decays by positron emission (23%) and
electron capture (779, has attractive charactenstics for
immunoPET applicutions, It can be produced in high purity,
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specific potivity and yield in asmall evelotron. Its 3.3 d half
life 15 deally smired for targetng cancer cells in mmunoPET
imaging which wtilizes monoclonal antibody-based (mAb)
RPS, "Zr imuges are comparable o those observed with the
"F and MCu, "“Zr lubeling of antibhodies can be achieved
primarily through the bifunctional chelating agent such as
desferrioxamine B (DE) or its varions derivatives, Few "2y
hased RPS developed have imaging applications as listed in
the Tahle-6.

Cyclotron produced therapeuatic radivisolopes

Rapidly dividing cells are particulirly sensitive 1o
damage by radiation. Hence, some cancerous growths can
be controlled or eliminated by irradiating the diseased areu,

With sealed radiation source this has been achieved through
high energy gamma radiation sources such as "Co
iteletherapy Yor by planting a suitable sealed gammal/[} source
such s "™ Ir in the region of cancer growth (brachvtherapy).
In therapeutic nuclear medicine, targeted rudiotherapy
approach is followed. Here, & suitable carrier molecule 18
labelled with a radioisotope émitting Bl Auger electron,
These particulate mdiatons have high linear energy trnsfer
(LET) value compared W energetie photons. Henee, they have
the potential to kill the malignant cells very effectively, sparing
the healthy cells around them, Table-7 lists the production
routes of a lew cyelotron produced radiomsotopes that can be
emploved for this purpoze.

Tahle 5: Disgnostc applications of few '“Frudiopharmaceuticals

Radiopharmaceuoticals Application Ref.
[“TImIBG Cardiovascular imaging, diagnosis, and dosimetry of neuroblastoma,
paraganghioma, pheochromocyioma, and carcinoids. 5
["#1]-cG250 (T labelled »
untibody chimeric G250} To 1dentily renal cell cancer
[“ILAZG Imaging of hypoxin in tssue o)
[ IR Functional imaging of cell proliferation 6l
[ Annexin ¥V Apoplosis imagzing 2
[“'MactT Early dingnosis of Parkinson's disgase 3
[ ] Mal PET imaging in thyroid gland diseases and for evaluating the spread of (2]
mietastatic thyroid carcinoma
[ " T urty acid PET imuging of myocardial metabolism, murker of viability [¥3]

Abbreviations: mlBG=m-iodobenzylguunidine, IAZG= iodine szomycin gatactoside, IUAR= 5- lodo-2-deosyuriding, $C1T= -

carhomethoxy-3atd-iodophenyliropane.

Table f: Diagnostic applications of few “Zr bused racdiopharmacenticals

Radiopharmaceoticals Application Ret.
UEr- trastuzumah HER2-positive breast cancer i
r-cetuximab PET surrogate radivisotope for scouting biodistribution of the

therapeutic radiometals ™Y and "’Lu in RIT a7
YZr-labeled anti-PSMA mAh, 1591 Tei identify. and quantify PSMA-positive prostate tumours 8
HEr-emADb (CU36) Head and neck tumours as well as metastases in the neck:

Scouting of therapeutic doses of “Y-labeled mAbs 69.70

Abbreviations: rrastuzimal = anif-HER2 mAb, cétuximal
= chimerie lgGl mAb, PSMA = prostate- specific mimbrane
antigen, cmAb = chimeric mAb, Additional information on
some of the therapeutic rudioisotopes and the applications
of the radiopharmacenticals prepared from them are given
below,

Hhil'ld

P 15 used as brachytherapy source for the treatmen)
of prostate cancer. The source 15 encapsulsled in i tny
titanivm tube to form “sced’. These seeds are permanently
implanted in the prostate. "'l is also used for this purpose.
However, "Pd has more favourable physical properties,
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including its low energy rapid dose fall-off, short half-life and
total cumulative dose delivery at a higher dose rate than 5L

!llAt

Targeted alpha therapy (TAT) s 2 cancer treatment
modality which selectively destroys malignint cells with alpha
emitter tagged with a carrier molecule such as a monoclonal
antibody or o peptide. Due to the high LET of alpha particle,
a large fraction of its energy 15 depostted in the targeted cell.
AL has many attractive features for TAT. Its 7.21 h half life
is well maiched to the pharmacokinetics of a variety of
modecular entites, including peptides, monoclonal antibody
tragments. and small molecules. Several researchers have
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developed the techniques of radiokabelling of o variety of
wirgeting molecule [76]. Climeal rials have also been done on
some of the "' At labelled monoclonal antibodies [77. 78]

li?Cu

fCu 15 one of the best-suited radioisotopes used for
radivimmunotherapy. Its 61.9 h half-life marches with the
biclogical hall-life of many antibodies and therefore. good
biodistribution of the RPS is obtained. 1ts relatively low
samma radiation ahundance imparts less radiation dose 1o
the patient as well as the medical personnel. Excellent
chelating chemistry of copper makes preparation of RPS 4
simple procedure. Some of the RPS of "'Cu developed for
radicimmunatherapy are listed in the Table-8,

I?Sc
Nuclear properties of 7S¢ (half=life, 3.34 d: average
enerey, 162 keV; EA, 159 keV) make it a potential radioisolope

for therapeutic application and for SPECT imuging. The
potential of “Sec as a therapeutic radioisotope hus been

demonstrated recently [83] with “'Sc-em 1) {cm 0= DOTA-
tolate conjugate) i a preclimeal setting. Moreover, V'Sc s in
particular attractive as part of the theragnostic principle
together with “5¢ (a potential PET imaging radioisotope),
which may be used for pre-therapeutic imaging as well us
therapy planning und monitoring,

Hlni

Bi is u promising sadioisotope for TAT [t is oblained
from o radivisotope generator through the decay chain of its
parent, “Ac (1, =10d).This generator hus an effective life of
several weeks, Bich decay of *"Bi produces an alpha particle.
The C395 and PALZ-alpha conjogates (with *2Bi)are found to
be suitable for the reatment of micro-metastitic pancreatic
cancer with over-expression of MUCT and uPA receptors [84],
Feasihility of targeted particle immunotherapy with “"Bi for
the treatment of myeloid leukemin has been reported [85].
Several pre=clhiical and clinical studies show the potential of
B in reatment of various types of cancer | 86| and infectious
disease [87]

Tuble-T: Nuclear data and production routes of few cyclowron produced thernpeutic rmdinisotapes

Radicisotope. t | Decay mode Production route Target Ep. MeV| Yaeld

uCifpAh at EOB Rel.
P, 16.949d HC "“Rhfp, n) MNat Rh 162] FSTmCYpAGIS 71
Al 721k EC{58Vor42) “Bila, 2n) Mat. Bi 23 11 2
T, 61.9h 5} wEnlp, x) Nab n0) | 20 136 73
8e, 3.34d i “Tifp. &) Nal, Ti 30 0.2 74
B, A5 fmin B (9780 2.2) ERalp 2n) T A Bi “TRaCl, Ity 6.2 75

“Yield at the end of 6 day lomg trradiation; "Estimated from the measured cross-sections; ‘Obtained from 2 Ac-""Bi generator;
Pharger thickness? Smgden’ & yield ar the end of 450 irvadication,

Table §: Applications of some of the radiopharmacenticals of ' Cu i radioimmunotherapy

Rudiopharmaceuticals Application Ret.
ICu- chCE7 Meuroblastoma, ovarian, and some renal carcinoma therapy ™
- Lymi-1 Mon-Hodekin's lymphoma 80,81
Ty €595 Bladder cancer el

Abbreviations: chCET= anti-L 1 -cell adhesion molecule antibody, Lym- 1= monoclonal antibody against human B cell lymphoma,

C395= anti-MLUC | mucin antibody,
References

[1] 1] Hevesy G, The Absorption and Translocation of
Lead by Plants: A Contribution o the Applicotion of the
Method of Radioactive Indicators in the Iovestigation
of the Change of Substance in Plants, The Biochemical
journal, 1923, 17 (4-5): 439445,

[2]  Blumngare HL., Weiss 5. Studies on the velocity of hlood
Mow. TLThe velocity of blood flow in normal resting
individuals, and acritique of the method used. 1. Clin,
Invieest. 1927, 415,

[3] Lawerence EO, Livingston MS, A method for producing
high speed hydrogen tons without the use of high
vollages. Physics Rev., 1931, 37: 1707.

Seprember 2016

[4] Radivisctopes in Medicine, Updated 24" Sept. 2015
hitpefiwww o world-nuclearorgfinfofmon-power-noclear-
applications/radioisotopey) radivisolspes-in-medicing/

5] Wayne Forrest, AuntMinnie.com staff writer. Canadian
proup succeeds with eyclotron-produced Te-99m. 2015,
hitp://www, nuntminnie, com/
index, aspa fsec=serdesub=def&pag=dis&liemlD=1 1415

[6] Henk van der Keur. Medical radioisotopes production
without a nuclear reactor. May 2010, www.laka org/
medical-isotopes huml

[71 IBA / Molecular { May 2010 (Cyelopei® 3{ brochure.
htp:/iwww iba-cyclotron-solutions. comy sites/ defauly
files/ressources/CBR_ Cvelone30_RO1. pdf

TANCAS Budlerin



4]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

1171

[18]

[19]

[20]

[21]

Prata collected from the Technical document of MDS
Nordion 1-123 producton system.

Scholten B, Quim SM, and Sitcklin G, Excitution
functions of proton induced nuclear reactions on natural
tellurinm and enriched "“Te: Production of T via the
e pon) 'Z1-process gl a low-cneegy evelotron. ApplL
Raclian, Ison, 1989, 40 127-132.

Tohnson PC. Lagunas-Solar MC and Awlyy MI. The
indirect production of no-arcrier-added 7Co via the
P00 p, 3nyT N T o reaction. Appl. Radiat, Tsot,, 1984,
35371

Spellerbers S, Reimer PG, Blessing Getal., Production
of “Co and “'Co viu proton induced reactions on highly
enriched *Ni. Appl. Radiat. Isot., 1998, 49; |519-1522.

Koviies Z, Tarkinyi F Qaim SM, Sticklin G Excitation
functions lor the formation of some tadioisolopes of
rubidium in proton induced nuclear reactions on “'Kr.
“Rrand “Kr with special reference to the production of
"Rb(*=Kr) generator radionuclide. Appl. Radiat, Tsol.
1991, 42: 329-335,

Clagssens RAMI. Janssen AGM. Van Den Bosch RLP,
etal, The Y-87/ Sr-87m generator: A new spproach toats
preparation. In “Progress in Rodiopharmacy™ P H. Cox
el al. (eds.), Martinus NijhofT Pablishers, Dordrecht,
1986, puge 46-63,

IBA Cyclone 30- Technical Information. Version U8 —
Revision B, 2003,

Quim SM, Recent developments in the production of
ME, T Reand =L 3 Appl. Radiat., [sot. 1986, 37: 803-
810

Vandewalle T, and Vandecastegle C. Optimisation of the
production of "'CO, by proton irradiation of nilrogen
gas, L Appl. Radian Tsot, 1983, 34: 1459- 1464,

Parks NJ, and Krohn KA The synthesis of "N labeled
ammonia, dinitrogen. nitrite and nitrate using a single
cyclotron target system, 1. Appl. Radiat. Isot,, 1978, 2%:
TaT5T.

The synthesis of "N labeled ammonia, dinitrogen, nitrite,
and nitrate vsing a single cyclotron targel Beaver JE,
Finn RD, and Hupl, HB. Anew method for the production
ol high concentration oxygen-15 labeled carbon dioxide
with protons, 1. Appl. Radiat. Isot., 1976, 27; 195-197.

Meinken GE, Kurcxak 8, Muusnr LF et al. Production of
high specific activity ™Ge ar Brookhiaven National
Laboratory. J. Rudioanal. Nucl, Chem., 2005, 263: 553-557.

Obata A, Kasamatsu 8, McCarthy DW, Welch M. et al.
Production of therapeutic guantities. of "'Cu using a 12
MeV eyclotron, Nucl. Med. Biol., 2003, 30; 335-339,

MeCarthy W, Ruth E, Klinkowstein, RE, et al., Efficient
production of high specific activity “'Cu using o

September 2016

37

[23

[24

|25

126

I

[32]

{33]

[34

biomedical eyveloron. Nucl, Med, Biol, 1997, 24:35-43.

Ghergherehehi M, Chai 15, Afarideh H. et al. “Zn
Radignsotope production by eyclotron, In Proceedings of
the 20ih International Conference on Cyelotrons and their
Applications, Vancouver, BC, Canada, 2013, p. 393-396,

Aslam MN und Qaim SM.. Nuoclear model anodysis of
excitation functions of proton, deuteron and d-particle
induced renctions on nickel isotopes for production of
the medically interesting copper-61_ Appl. Radiat. Isol,
2014, 89: 65-73.

Szelecse nyi F, Kova'cs £, Suzuki, K. et al, Prodoction
possibility of “'Cu using proton induced nuclear
reactions on zine for PET studies. J. REadieanal. Nucl.
Chem.. 2005, 263; 539,

Thomas KE. Stroatium-82 Production ut Log Alamas
MNational Laboratory . Appl. Rodiar, Isot, 1987, 38: 175-
180,

CQuim SM, Find all citutions by this author (default), Or
filier vour current search Stevn GF.Find all ciations by
this author (defa Spahn 1, et al. Yield and purity of “Sr
produced via the “Rbip, an)™Sc Appl. Radua Isor, 2007,
651 247-252,

Sajjad, M. Bars E, Nabi HA. Optimisation of '
production via "Tefp, n) "™ reaction, Appl. Radiat.
Leon,, 2006, il H65-970,

Baosile D, Birattan ©, Bonardi M, et al.. Excitation
functions and production of arsenic radiosotopes for
environmentul toxicology and hiomedical purposes. Int.
I Appl. Radial [sot. 1981, 32 (6): 40310,

Tolmachey ¥, Lovgvist A, Lars Einarsson L, et al,
Production of “Br by a low-energy eyvelotron. Appl.
Racdat. lsot, |998, 49 | 537-1540.

Holland TP, Sheh Y, Lewis IS, Standardized methods for
the production of high specific-activity zrcomum-849,
Nuoecl Med. Biol., 2009, 36: 729-739,

Kilbourn MR. Fluorine-18  labelling  of
mdiopharmaceuticals. Nucleur Science Series (NAS-NS-
3203). Natonal Academy Press. 1990,

Lasne M-C. Perrio C. Rouden 1. etal. Chemistry of [+ -
emitting compounds based on fluorine-18. Topics in
Current Chemistry, 2002, 2272: 2(1-258.

Som, P Atkins HL, Bandovpadlway D, Fowler JS. et ul,
A fluorinute glucose analog, 2-Muoro-2-deoxy-D-glucose
(F-18) Nontosic tracer for rapad tumor detection”™. J, Nuoel.
Med. 1990, 24 (7); 670-675.

Kelloff GJ. Hoffman JM, Johnson B, etal, Progress and
promise of FDG-PET imaging for cancer paticat
munagement and oncologic drug development,” Clin
Cancer Res. 2005, 11 27T85-2808,

TANCAS Budlerin



[35] Tehrani O%. and Anthony AE. PET imaging of
proliferaton with pyrnudines. J Nocl Med, 2013, 54: 1660,

[36] Hutterer M, Nowosielski M, Potzer D, et al, |"Fi-Muono-
ethyl-L-tvrosine PET: o valuable dingnostic tool in
newro-oncology, but nol all that glitters is glivma. Neuro,
Oncol. 2013, 15(3): 341-351,

[37] Lee ST, Scott AM. Hypoxia positron emission
mography mmagmng with "F-fluoromso-mdazole. Sem
MNugl Med. 2007, 37: 451,

[38] Busk M. Mortensen 1S, Nordsmirk M. et al, PET hypoxin
imaging with FAZA: reproducibility at baseline und
during fractionated radiothernpy in fumour-bearing mice.
Eur, I, Mucl. Med. Mol. Imaging, 2013, 4002): [86-197,

[39] Even-SapirE, Metser U Flusser Goeval. Assess-mentof
malignant skeletal disease: ininal experience with "F-
Auoride PET/CT and compartson between "F-Muonde
PET and "F-luoride PET/CT. J. Nuel. Med. 200, 45(2):
272778,

(40} Minn H, Kauhanen S, Seppa nen M and Pirjo Nuutila P,
ME-FDOPA: A muluple-target molecule. J. Nucl. Med.

2009, 30: 19151918,

Picchio M and Castellucei P Clinieal indications of "'C-
Choline PET/CT in prostale cancer patients with
biochemical relapse, Théranostios, 2012, 2(3); 313-317.

[41]

[42] Farde L. Hall H. Pauli § etal. Variability in D2-dopamine
receptor density and affimity: a PET study with
" Clraclopride in man. Synapse, 1995, 20031 200-8,

Mathis CA, Mason NS, Loresti Bl, and Klunk WE.
Development of positron ¢mission tomography -
amyloid plagee imaging agent. Semin Nucl Med,
2012, 42(6): 423432

Endres C). Benchenf B, Hilton J, et al, Quantification of
brain p-opicid receptors | 'Clearfentanil: reference-tissue
methods, Nucl, Med. Biol. 2003, 3(: 177186

[43]

[44]

[45] Schepis T, Gaemperli O, Treyer V. et al. Absolute
guantification of myocardial blood flow with "N-
ammonia and 3-dimensional PET. J Nucl Med, 2007,

AR 1178380,

Huang SC, Carson RE, Holfman EJ, et al. Quantitative
measurement of local cerebral blood flow in humans by
positron computed omography and "O-water. | Cereb.
Blood Flow Metab. 1983, 3(2): 141-53.

[46]

[47] Tukahashi A, Lida H, Ono Y, et ul. Regional myocurdial
blood flow guantitatively measured using O-15 water
and dynamic positron emission tomography. 1. Cardial.,
1987, 17044, 741-748,

Mintun MA. Raichle ME, Martin WEW and Herscoviich
P. Brain oxygen utilization measured with O-13
rudiotrucers and posicon emission tomography, 1. Nuel.
Med., 1984, 25, 177-187.

[44]

September 2016

[49] Ackerman RH, Subramanyam R, Correia JA, et al.
Positron imaging of cerebral blood flow duning
continuous inhilation of "CO._. Stroke, 1980, T1(1): 45-
449,

[30] RoschE Past, present and futire of "Ge/™Ga peneritors,

Appl. Radiat, and Isot., 2013, 76; 24-30,

[51] Baneree SR, Pomper MG Clinical applications of Gallium-

68 Appl. Radiat. and 1sot. 2013, 76: 2-13.

[52] Bourgeois M, Rajarison H, Guerard F, et al. Contribution
of ™CulATSM PET in molecolar imuging of twmour
hvposia compared (o clagsical "F]MISO- a selected

overview, Nucl, Med. Review, 2001, 1442 ): 90-95,

[53] Chao KSC, Bosch WR, Moute S, et al. A novel approach
o overcome hypoxic wmor resistance; Cu-ATSM-
guided ntensity-moduluted radiauon therapy, Int. 1
Radiat. Onco. Biol. Phy. 2000, 49¢2): 1171-1182.

[34] Jalilian AR, Eowshanlaread P, Kamrani Y'Y, et al.
Production and twmowr upiake of [*Cu] pyruvaldehyde-
bis(MNd-methylthiosemicarba zone ). Nucl. Med. Review,

20607, 10 6-11.

[55] Li WP, Meyer LA, Capretto DA, etal. Receptor-binding.
biodistrbution, and metubolism studies of "Cu-DOTA-
cetuximab, o PET-imaging ngent for epidermual growih-
factor receptor-positive tumors. Cancer Biother
Raciopharm. 2008, 23: |58,

[56] Pleifer A, Knigge LI, Morlensen J et al, Clinical PET of
neuroendocrine tumours using | “Cu]DOTATATE: First

human study, 1. Nuel. Med. 2012, 53; 1207-1215

[57] LeeIW, Puk JA, Lee Y etal, Synthesis and biological
evaluption of dimeric RGD peptide conjugated Cu-64
and glucosamine for tumour imaging, J, Nucl, Med,, 20013,

34, (supplement 2); LORG,

[58] Moz MA, Serganova, 1. Zanzonico P, et al. Imaging
WNET reporter gene expression with "1-MIBG 1. Nucl.

Med. 2007, 48: 827-836.
Divgi CR, Pandit-Taskar N, Junghluth, AA, et al,

Preoperative characterization of cleur-cell renal
carcinoma using jodine- 1 24-labelled antibody chimenc
G25N1-124-cG250) and PET in patients with renal imisses:
u phisse-[ trial. Lancet Oncaol. 2007, §; 304-310,

Zanzomeo P, 0 Donoghue J, Chapran 1D, etal. lodine-
124-labeled odoszomycin-galacioside imaging of
tumiour hypoxia in mice with serial microPET scanning.

Eur 1. Nuel. Med, 2004, 31: 117-128.

Blasherg RG, Roelcke U, Weinreich R, et al. Tmaging brain
wmeur profiferative activity with 1-125 iododeoxyuridine,
Cancer Res., 20000, 60): 624-635,

1591

[60]

[61]

[62] Keen HG Dekker BA, Disley L, et al, Imaging apoptosis
in vivo using “l-annexin WV oand PET. Nucl. Med. Biol.

2005, 32: 395-02,

TANCAS Bulietin



[63]

[64]

[63]

[66]

[67]

[6:5]

6]

[70]

(711

1721

[73]

[74]

[73]

Ganseppe LC. Armor NA. Antonio N, et al. ™lodine: a
longer-life positron emitter isotope—new Opportunities
in molecular imaging. Bio. Med. Ine 2014, vol. 2014
Anticle [D 672084,

Phan HTT, Jager PL, Paans AMI, et al, The diagnostic
value of "-PET in patients with differentiated thyroid
cancer. Eur | Nucl Med Mol lmaging. 2008, 35(5); 938
S04,

Bergmann SR Imaging of myocardial fatty acid
metabolism with PET, Journal of Nucl. Cardology, 2007,
1403 ppS118-5124,

Dijkers EC, Kosterink JG, Rademaker AP, et al,
Development and charseterization of clinical-grade -
trastuzumab for HER2/neu immunoPET imaging. 1. Nuel
Med. 2009, 50 974081,

Perk LR, Visser GW, Vosjan MJ, e ol "Zr as a PET
surrogate mdioisotope for scouting hiodistribution of
the therspeutic rndiometals ™Y and ""Lu in tumor-
bearing nude mice after coupling to the internalizing
antibody cetuximab, J. Nucl, Med. 2005, 46: 189819006,

Holliund TP, Divilov V, Bander NH, et al. “Zr-DF0-1541
for immunePET of prostate-specific membrane antigen
expression in vivo. ). Nucl, Med. 2000, 517 12931300,

Borjesson PE: Janw YW, Boellaard B, et ol. Performance
of immuna-positron emission tomography with
zirconium-8%-labeled chimerc monoclonal antibody, U36
in the detection of lymph node metastases in head and
neck canver patients. Clin, Cancer Res. 2006, 12: 2133—
2140,

Verel 1. Visser GW, Boerman OC, et al. Long-lived
positron emitiers zirconinm-89 and fodine-124 for
seouting of therapeutic mdisimmunoconjugates with
PET. Cancer Biother, Raciopharm, 2003, 18, 655-661.

Chunfu Z, Yongxian W, Yongping W, Xiuli Z. Cyclotron
production of no-carner-added palladium-103 by
hombardment of rhodium- 103 wrget, Appl. Rodian [sot.,
2001, 55: 441445,

Lursen RH., Wicland BW, Zalutsky ME. Evaluation of
an internal cyelotron target for the production of ="' At
wia the RBi (1, 2n " Atreaction. Appl. Radiar Isot. 1996,
47 135-143,

Dasgupta AR, Mausner LF, Srivastava SC. A new
separation procedure for 7Cu from proton irradiated Zn.
Appl Radiat. Isot. 1991, 42: 371-374.

Khandaker MU, Kim K, Lee MW, et al. Investizations of
the "Ti(p.x) == ITEGe Y puclear processes up
w4l MeV. Appl. Radiat. Isor, 2008, 67; 1348-1354,

Apestolidis €, Molinet R, McGinley J. Cyvclotron
production of Ac-225 for tirgeted alpha therapy, Appl.
Radiat_ 1sol 2005 62, 383-387.

September 2076

[76]

7

(78]

[79]

{30]

[81]

(52]

[83]

[54]

[85]

[56]

Wilbu DS, Chyan M-K. Hamlin DK et al. Reagents for
astatination of biomolecules: companson of the in vivo
distribution and stubility of some radioiodinated/
astatinated  benzamidyl and nido-carboranyl
compounds, Bioconjugate Chem,, 2004, 15(1): 203-223,

Zulutsky M R, Reardon D, Akubani G et al. Astatine-211
labeled human/mouse chimeric anti-tenascin monoclonal
antibody via surgically created resection cavities for
patents with recurrent ghioma: phase [ study [abstract].
Neuro-Oncology, 2002, 4isuppl ) S103.

Zulutsky MR- Targeted rudiotherapy of briin lumours,
Br.J. Canver. 20064, 901 1469-1473,

KEnogler K, Griinberg 1, Zimmermann K. et al. Copper-67
rauchioimmunotherapy and growth imhabition by anti-i-
eell adhesion molecule monoclonal antibodies in a
therapy model of ovanun cancer metustasis; Clin. Cancer
Res 2007, 13: 603-61 1.

Deshpande SV, DeNardo 5), Meares CF, & al, Copper-
67-Labeled Monoclonal Antibody Lym- 1, A Potential
Radiopharmaceutical for Cancer Therapy: Labeling and
Biodistribution in RAJ Tumored Mice, J. Nuci. Med,
1588, 29: 217-225,

O Donnell BT, DeNardo GL. et al. A Clindeal Tral of
Ruodivimmunotherapy with "Cu-21T-BAT-Lyvm-1{or
Non-Hedgkin's Lymphoma. ). Nuci, Med, 1999, 40; 2014
2N,

Hughes ODM, Bishop MC, Perkins AC. et al. Targeting
Superficial Bladder Cancer by the Intravesical
Admimstration of Copper-67-Labeled Anu-MUC!
Mucin Monoclonal Antibody C595. 1. Clin. Oncol. 2000,
18: 363370,

Miltler C, Bunka M, Haller 8, et al. Promising prospects
for “85c-YSe-Based theragnostics: application of V'S¢
for mdionuchide twmor therapy 1n mice. J Nucl Med.,
2014, 55: 16551664

Allen BJ, Rizvi SMA, Qu CF and Smith RC. Targeted
alpha therapy approach o the management of pancreatic
cancer. Cancers, 2001, 3: 18211843,

Jurcic JG, Larson SM, Sgouros G et al., Tarpeted & particle
immumotherapy for mveloid leukemis. Blood, 2002, HX:
1233-1239,

Vandenbulcke, Affiliated with Department of
Radiopharmacy, K. Vos FD, Offner F, et al. In vitro
evaluation of " Bi-rdtuximab versus externul gamma
irradintion for the reatment of B-CLL patients: relative
hiological efficacy with respect (0 apoptosis induction
and chromosomal damage. Bur, 1. Nuel, Med. Mol,
Imaging., 2003, 30: 1357-1364.

Dadachova E, Bums T, Bryan RA, et al. Feasiblity of

radiommmunotheragy of expertmental paeamococcal infechon,
annnucrobagents. Chemother, 2004, 4851 16241624,

TANCAS Bullerin



Bibliography

[Tl Cyelotron Produced Radionuclides: Principles and
Practice, Techmical Reports Series No, 463, 2008, LTAEA.,
Viennis.

[2] Cyclotron Prodoced Radionuctides: Physical
Characteristics and Production Methods, Technical
Reports Senies No. 468, 2000, TAEA. Vienna.

Aunthor Information

Seprember 2006 40

13]

Standardized High Current Solid Targets for Cyclotron
Production of Dagnostie and Therapeutic
Radionuclides. . Technical Reports Seres No. 432, 2004,
IAEA.. Viennu.

[4] Charged particle mross-secton database (or medical

radioisotope production: diagnestic radioisotopes and
monitar reactions, TAEA-TECDOC- 1211, 2001, IAEA.,
Vienna

Dr M. K. Dag stperoaneucied from the Government service in December 2014 ay Head, Regional
Centre aof Board of Radiation and Iyotope Tochnology, Kalkate, He graduated feom the 22 Barel of
BARC Training School (in Chemistry diseipfine) and joined BARC in 1979 He way rransferred 10
newly created Radiopharmacentical Lale of BARC (larer pamed ay Regional Centre of BRIT) in
T981, He was o Research Associate at the University of Chivage, USA durving [991-93. His field of
research was radiofsotape production in evelotron including the design of targetry. He was associated
with the DAE Medical Cvelotron Praject since its imception, He guided vwo students for PO,

FTANCAS Bulletin



Recent Advances in Radionuclide Generator Technology

Rubel Chakravarty

Radiopharmaceuticals Division, Bhabha Atomic Research Centre, Trombay, Mumbai 400085, India
Email: rubelc@barc.gov.in; Fax: +91-22-25505151; Phone; +91-22-25500624

Introduction

Over the last 5 decades, radionuclide generators have
antracted substantial attentions. indeed close seruting of the
nuclear medicine community owing to their ubility to provide
short-lived radioisolopes withoul the need for on-site nuclear
reactor or accelerator lacilities for preparation of 4 myriad of
diagnostic and therapeutic radiopharmacenticals [ 1]. Noronly
do they provide no-carrier-added (NCA) radionuclides on-
demand basis. but also in a cost-effective way where the
payolf of benefits 15 substantinl and invaluable |1} Nuclear
medicine and radionuclide generator feed off of one another,
thereby, propelling both forward. Utlhity of rdionuclide
generators has virtually pervaded most areas of activities in
the field of nuclear medicine and their importance has been
well demonstrated and recognized [1).

The current imporiance and success of diagnostic
imaging in nuclear medicine is primarly do¢ o “Mo/™Te
senerator [1]. A large number of the nuclear medicine
procedures in remote areas far from the site of a eyclomon or
reactor facility would not have been possible but for the
avatlablity of this rachonoclide generator [ 1]. It would not be
an exaggeration to state that the field of nuclear medicine
owes its existence 10 the development of this generator 1o
1957 at Brookhaven National Laboratory in United States [ 1].
The subsequent vears have seen an enormous increase in
the use of generators such as "Se/™Y and "W/ Re
generators (o provide therapeutic rdionuclides, which has
paralieled the development of complementary strategies {or
turgeted radiotherapy [2-4], With the recent advances in
climical positron emission wmegraphy (PET), use of the " Ge/
MG generator is showing enormous potential a8 i source of
posttron-cmitiing "“Ga which can be used for preparation ol a
wide variety of radiopharmaceuticals [5. 6],

Basic Concept of Radionuclide Generator

A radionuclide generator is a self-contined sysiem
housing an equilibriuvm mixture of o parent / daughter
ruchionuclide pair [ 1] The system s designed to sepoarate the
daughter radionuctide formed by the decay of a parent
radionuclide by wvirtue of their differences in chemical
properties | 1]. The parent-daughter nuclear relationships offer
the puossibility to separate the davghter radionuelide at
suitable time intervals (Figure 1).

In wradionuchide generator o "parent” radionuelide { 41
decays toa ‘daughter’ radionuclide ( B ) which further decays
to stable/nearly stable ‘grand-daughter’ nuclide (). In this

decay scheme A, is the decay constant for 4 having N:'

initial number of stoms and A, the decay constunt for B For
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the sake of simplicity, it i5 generally assomed that
N(t=0)=NJ =0 and N;(1=0)=N; =0 and the
grand-daughter product {7, 45 a stable noclide characterized
by i, =10

_::::"*- Ai-f" = Activity of parent radioisotope

80 1 = i .
o 70 4 & R
Z 60, = /—T S
=, i o A.E I;U
=1 A,
‘! 20 o i

10 A, = Activity of daughter radiofsdtope

o

Time

Figure 1: Evample of radionuclide daughiter activiey in-
greneth over repeated elutions, The radionuclide
generator provides o reduced fevel of the
danghter radiemuclide activiry by each
subseguent efution.

Then at any ziven time ¢, one can write the following
differential equations:

aN =N or S g2
AN, (1) =+AN, (1)dt — 1, N (1t or
AN, = RN =R NG (t) wisisastamarmmann(2)
i £
anl le.l.l] =+?'.:Nl“ :I:l'[ or
M e X [ OO UROUPROTR |- ||
dt e

Equation | describes the rate of change of number of
atoms of type A. supposing that the only source of these
atoms 15 from the inital supply Nf at p = (). Equation 2
describes the rate of change of the number of atoms of type
B which is equal to the supply by the decay of atoms A
corrected for the loss through its own decay. Equation 3
describes the rie of change of the number of atoms of tvpe
 fed by only the decay of atoms B (being stuble, C is
continuously accumulated). The solution of equation 1 leads
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to the well-known decay equation of a single radionuclide
1427

_ At
Nily=Nje and

Al = AINI'Q-_)‘*" = ,.11" "_'_'(L! RS a1 |

The solution of eguation 2 leads to the following

expression (assuming N, (0)= N =0

Ngrk:NFEj%a[Pﬁ%i'fﬁ&I] L

Here. the activity A.(#) is given by the general
definition of the activity. Therefore,

mmm:ﬂi

A (=4t =Ar
’.{][t ¢ ] ot}

where, A' = A N/-

Time Taken by the Daughter Radioisotope to
Attain Maximum Radioactivity

The radioactivity of the duughter isolope reaches
maxima when the feeding of the daughter atoms { 7 exactly
compensates their decay;

peewhen At =400 or AN =2N:00

dA. (1) dN () SRR 14

or whin i

dr dt

Then one can write:

v )

472 In(A fA) [ 1440, In[r'
iaK i:—(ll 1‘ .!l—fl f] b

where, t and 1, are the hall-lives of the parent and
daughter radionuclides, respectively and t__ is the ime taken
by the davghier radioisotope 1o attain masximum radioactivity.,

In-Growth and Isolation of Daughter Radionuclide
from Parent Radionuclide

For practical considerations, radionuclide generators
are eluted at periodic intervals depending on the dooghier
activity requirements. Often the separation of the daoghier
Fromm the parent may not oceur at the time the daughter activity
b2t its muaximum s caloulated using Equation (99, Owing 1o
the decrease of the parent radionuclide activity within the
fime between two elution steps, the mdionuclide generator is
expedied to provide a reduced level of the daughter
radionuelide activity by each suhsequent elution as shown
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in Figure 1. The growth and separation of the daughter
radionuehide can be continued us long ss there are useful
activity levels of the parent radionuclide available. Separation
musy be performed any time before equilibrium is reached. and
the activity levels of daughier recovéred will deépend on the
time elapsed since the last separation. In-growth of the
danghter species is continnous, and once the activity of the
danghter is recovered from the mixiure, the davghter activity
increases until its activity level reaches a maximun and is in
equilibrium with the parent radionuclide (Figure 1). The
growth ol the daughter depends on the hall=hile of the daughler
radionuclide which also governs the frequency of s
separation from the parent radionuclide. When the danghter
radionuclide is relatively long-lived, penodic elution will take
place prior to reaching the maximum equilibrium davghter
activity levels and it is normal to use generators in this way.
Axan example, 30% daughter activity in-growth s detected
inone half-life, 75% in two hall=lives and the doughter activity
reaches the sctivity of the parent radionuclide in 5-6 half
lives.

Criteria for Selection of Parent/Daughter Pairs

While several factors contribute o the development of
radionuclide generators, selection of an appropriate parent/
dinghter pair is a key determinant that underpins jts soccess
in nuelear medicine, While selecting a parent/davghier pair
for making radionuclide generator, the following criteria need
to be considered:

= Availability of parent radionaclide: The production
route for the parent radionuclide should be cost-
effective, Parent radionuclide which exhibits attractive
churacteristics but lack a cost-effective production route
might not be sultable for preparation of clinically useful
radionuclide generators,

= Parent radionuclide half-life: The physical half-hie of
the parent radionuelide should be longenough to ensure
availability of daughter nuclide for an extended penod
of tinie.

*  Daughter radionuclide half-life: The physical hali-life
of the davghter radionuclide should be compiatible with
the in wivier pharmacokinetics of the radiolabeled tarpeting
molecule

«  Emission and energy of the radiation of the daughter
radionuclide: The daughter product of a radionuclide
generator will decay by any of the decay modes (isomenc
transition, [, [, electron cupture, ¥ decay) or by
combination of two or more decay modes. Consequently,
the applications of generntors vary depending on the
decay churacteristics, Gumma emitlers, with smmma
energy within the range of 100-250 ke are suitable for
single photon emission computed tomography (SPECT)
imaging. Particle emitting rachonuclides (o particle, [
particle or Auvger electron emitiers) are suitable for
therapy, Positron { ) emitting radionuclides ore needed
fier positron enission tomography (PET) maging,
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«  Decay of dawghier radionuclide: In order o preclude
radiation dose 1o the patient undergoing diagnosis or
therapy, the daughter radionuclide should preferably
decay o a stable or very long-lived product

= Chemical characteristics of davghter radionuclide:
The davehier radionuclide should have chemistry
amenable to its attachment with o broad class of carrer
molecules and binding must exhibit high in vive stability
when sttached to the radopharmaceotical,

Methodologies Tor Separation ol Daughter
Radioisotope from the Parent/Daughter
Equilibriom Mixtore

While mdionuclide generator technology “lives™ at the
interface of many disciptines, its dependence on sepuration
science is arguably the strongest and is hence vitd for s
success. Over the last severnl decades, the separation
methodologies applied for the development of are subjected
10 @ continuous evolution, ss indicated by the large volume
of literature covering them [ 1, 7] Atone end of the spectrum
are the current commercisl systems, and at the oppaosite end
are new concepts or processes, some of which are 1 the
carly stages of development. or perhaps as early ns
expeniments in a research luboratory. The potentially useful
separation methodologies for preparation of radionuelide
generators are summarized in Table 1.

Quality Control of Radionuclide Generators prior
to Clinical Use

Since generator derived radionuclides are intended for
climical use, it is imperative that the radionuelide generators
undergo strict quality control procedures before being handed
over 1o the nuelear medicine physicions | 1] Quality control
involves specific tests and measurements that ensure the
elution efficiency of the generstor, product purity, biological
satery and the efficacy of the radionuclide for the preparation
of radiopharmaceutcals. These methods are brielly described
Telow.

Hlutivn efficiency of the radionuclide generator: The
elution efficiency of the radionuclide penermtor is delined as
the proportion of the daughter radioisotope present in the
gencritor syslem that is sepurated durng the elution process,
Theoretically, the activity (A of the daughter radioisotope
present in the generator system at the time of elution 15 given
by the equation (7). In practice, the activity of the daughter
radicisotope eluted s less than that predicted by the theory,
1T the measured activity of the separated daughter radioisotope
after allowing tme *C for its growth, is denoted by A | then
the elution efficigncy can he defined by the eqguation;

As

00

o Elntion efficiency = T 1 1|

ey

For a radionuclide generator to be cost-effective, i 1s
essential that its elution efficiency should be fairly high (not
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< 60%%) and 1t should remain consistent during the stipulated
period of utlization of the generntor.

Radionuclidic purity of the separated daughter
radioisotope: Radionuelidic purity is defined as the fraction
of the total radioactivity in the form of the desired
radionuclide. In the separated davghter radioisotope ohiained
from the radionuclide generator, the primary radionuchidic
impurity that may be expected 15 the long-lived parent
radiosotope. Sometimes, the purent rudiossotope: may be
associated with other radionuclidic impurities which may also
come n the separated davghter activity. Understandably.
rudionuelidic impurities are undesirable in the daughter
product, us these can have vanous implications for iis use
nuclear medicine, such as interference in the reaction for
preparation of the radiopharmascentical leading o poor vields
or unwanted compeunds, incréase in the unwanted radiation
exposure (o the patient, obscure scintigraphic images, and
possible radio-toxicity related issues [1]. Hence the
radionuclidic purity of the intended adionuclide needs 1o be
determined and the impurities ascertained to be well within
the stipulated s (1], Determination of radionuchidie
impurities in the separated daughter radioisotope is generally
done hy y-ray spectrometry using high purity germanium
detector (HPGe) detector coupled with a multi-channe]
anglyzer [1], This echnigue can be used lor both qualitative
s well s quantitative estimation of radionuclidic impurities
in the davghier product oblained from the mdionuclide
generator,

Radiochemical purity of the separated daughter
radioisotope: The rudiochemical purity of o generator
produced radionoclide may be defined as the fraction of the
totsl radioactivity present in the desired chemical form [1].
Radiochemical impurities may arise in the daughier
radionuchide during s sepuration from the parent or is
subsequent storage due W several factors such as the dction
of the solvent and the efféct of radiolysis, change in
temperature or pH, presence of oxidizing or reducing agents
[1]. The radiochemical imporities present in the daughter
radionuclide may ool be suitable for lubeling with Hgands
und hiomolecules, This may adso affect the biological behavior
of the radiopharmaceutical as the agent may not be selectively
tuken wp by the target organs |1}, The presence of
radiochemical impunities in generator produced radioisotopes
can be detected and determined by various analytical
methods: These include. paper chromatography, thin laver
chromitography, paper electrophoresis, high performance
licuid chromutlography, gel fltmtion, gel chromulogrphy, ion
exchange chromatography, solvent extraction. inverse dilution
and precipitation |1].

Chemical purity: Any unwanted chemical species
(organic of norganic) present in the davghter product 1s
considered as chemical impurity, The presence of these
chemical impurities may affect the chemistry of the
radionuclide for the preparation of radiopharmaceuticals. The
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chemical impurities may he introduced in the duughter
radionuchide by a vanety of ways, This includes the use of
impure chemicals and vse of radicactive parent solutions
conlaming undesired chemicals introduced during its
radiochemical processing. Also, in case of column
chromatographic generators, the radielytic or chemical
degradation af the column matrix may Tead to the addition of
chemicul impurities to the davghter radionuelide. The
presence of these chemical impurities can be avoided by the
use of highly pure chemicals and adoption of appropriate
separidtion methodology, The level of these chemical
impurities may be detected and determined by various
analytical techniques like colorimetry, spot-tests,
spectrophotometry. mductvely coupled plasma atomic
enmission spectroscopy (ICP-AES) et [1].

Labeling efficacy: Genernlly. generator produced
radionuclides are used for clinical application. anly after
radiolobeling a suitable Hgand or a blomolecule with it. The
suitability of 4 generator produced radionuelide for
radiopharmaceutical applications can be demonsirated by its
efficacy to prepare standard radiolabeled agents. This is also
an mdirect test of the chemical purity of the radionuclide as
hugh chemical purity is required for the preparation of the
radiolubeled agent with the NCA radionuchide.

Biological tests: Biological quality contro] tests are
carried out w eximine the sterility and apyrogenicity of the
generntor-produced radionuclide before the preparation of
rudiopharmaceuticals [1]. Sterility indicates the ahsence of
any vidble bacteria or microorgansm in a tadhochemical. [Lis
essential to avail the daughter radionuclide from the generator
in sterile form in order to prepare chnical grade
radiopharmaceuticals. Administration of non-sterile
radiopharmacentical can cavse a wide vanety of infections
leading 1o several physiological problems meluding death.

Pyrogens are either polysaccharides or proteins
produced by metabolism of microorganisms and if present in
a rudiopharmaceutical cun cause a wide variety of
physiological problems, such as, fever, chills, malaise,
lencopenia. flushing, sweating, headache and pain in joints.
It 15 mandatory that all products intended for injection o
the humans, including radiopharmaceuticals should have
pyrogens below the stipulated limits. Pyrogen free
radionuclides can be obtained from the generator without
much difficulty vsing high quuality chemicals and taking
particular care during the preparation, operation and storage
of the generator.

Shelf-Life of a Radionuclide Generator

The shelf-life of a radionuclide generator 18 the period
for which the generator can safely be used for the designated
clinical applications [ 1]. The shelf-life of a typical radionuclide
generator s influenced by the following factors:

o  Physical half-life of the parent radioisotope. The parent
radivisotopes having longer physical half-lives are
generally expected 1o have longer shelf-life
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s  Generator performance which 1s monitored by measuring
the elution yiehd; radioactive concentration and the purity
of the daughter radioisotope,

However, the shefi-life of a radionuclide generator is
also influenced by the procedore adopted for the separation
of the parent-daughter pairs. The suitnbility of a separation
procedure to withstiand the effects of radiolysis and chemical
desradation over a prolonged period of tine enhances the
shelf-life of the generator. Overall, the economics of production
of short-lived rodioisotopes via a radionuclide generator is
decided by the shelf-life of the generator which 1o turn
determines the cost of reatment using radiopharmacenticals
prepared using generator priduced radionuchides.

Emerging Concepls in Radionuclide Generator
Technology

As separation science s subject 1o continuous
evalution, any revolutionary breakthrough in this subject
represents not only an important driving force, but also lays
the comerstone wwards the development of new radionuclide
generators. With the emergence of professionally run
centralized radiopharmacies, the use of radionuclide peneraior
iechnology is pointing to an era of a paradigmatic shift from
the present designs and user profiles. In order to sustain the
nuclear medicine service using generator derived
radionuclides: it is of uimost iImportance 1o DUriure emerging
separation technologies in an appropriste manner. both in
absolute, as well as in relative, terms of missions, goals, and
requirements, to respond 1o the foresesnble changes in
radionuclide generator technology,

In the recent tmes, our group has introduced two new
concepts in the field of radionuclide generators. which are
poised (o bring parndigm shift in npuelear medicine practices
in the forgseeable future, While the first approach invelves
the use of electrochemical separntion technigue [8. 9], the
second involves the vse of sorbents based on nanomatenals
lor vse os column chromatography matrices |10] for the
preparation of radiopuclide generators,

Electrochemical Separation

Electrochemical methed provides a simple and
conveniant approach of performing b wide variety ol metal
ion separations, A mixture of metal ions having adeguate
difference in their formal potential values in an electrolyiic
medivm can be mutually separgted by selective
electmodeposition of one metal on an electrode surface under
the influence of controlled applied potential (Figore 2). fn-
sitit electrodeposiion of a doughter radionuchde is an
attractive route w develop radionuclide generators. The major
advantage of this approach is that the daughter radicisotope
can be obtained with very high radionuclidic purity and
radioactive concentration. irrespective of the speeific activity
of the parent rudioisetope. This approuch has been used for
development of w variety of rudionuclide generiators, such
as, "SeMY, Mo e and "W/ Re generators [8], The
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electrochemical reactions mvolved in the separation process
are summarized in Table 2.

Puientinsiat
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T Inert gas bubbling
SN Teton cap
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SCE
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Warking electiode (P1)
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dang ey
mixiurn
(electrolyie)  Magenenic stirver

Figure 2: Schemate diagrum of electrochemical radionuelide
generator

Column Chromatography using Nanosorbents

The seccond approach is based on the use of
nancimaterials based sorbents as column matrices for the
preparation of generators relies on the unigue morphological
features, pore structure, high surface aress and high surface
churge of nanomaterials [1,10]. Such sorbents demonstrate
much higher sorption capacity and selectivity for sorption of
the parent radivisotope compared to their bulk counterpirts.
The daughter activity can be obtained with appreciably high

radioactive concentration and purity suitable for biomedical

applications. Over the last 10 vears, a wide variety of
nanostructured metal oxides such as polymer embedded
nancerystalline ttania (TiF), mixed phase nancerystalline
zirconia (nano-Zr0 ), tetragonal nanozircona (-£r0.),
nancerystalline y-aluming (y-Al0 ), mesoporous aluming
(MA) and nunoceria-polyscrylonitrile (CeO -PAN) compositis
have been synthesized by our group Tor preparation of Mo/
e, MW Re and "Ge™Ga generators (Figore 3) (107,
Synthesis procedures adopted and structural charactenstics
of these nanosorbents are summarized in Table 3. [ is pertinent
to point out that in case of all the nanesorbents vsed for
prepuration of rudionuclide generators, the synthesis
metheds adopted were neither cumbersome nor used
expensive precursors and was amenable for scale-up. All these
nangmaterials exhibied good mechanical sirength, granular
properties and were amenable for column operations.
However, all these sorbents consist ol agglomerated
nonopartcles | Figure 4. Agplomeration (o o ceriain exient s
essential for use of such materials as sorbent matrices in
chromatographic columns. Very fine particles without
agelomeration are not suitable for column chromatographic
application as such materials are impervious to the flow of
liquid through the column bed.
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Figure 3: Schematic diagram of column chromatographic
radionuclide generator

Figure 4: TEM micrography of nenosorberts wsed in
preparation of colmnn chromarographic
ridionnclide generators,

The following sub sections provide an overview of the
chmecally usetul radionuchde generators developed using the
novel separation chemistry approaches described above:

"Mao/""Te generator

Over the last 5 decades. a vanety of """ T/ Mo generator
systems have heen thoroughly investigated all over the world
due to the everlasting demand for ""Te. which 15 the most
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commaonly used medical radioisotope [ 1, 3] This radioisotope
15 considered os the “workhorse' of diagnostic nuclear
medicine and 15 used for approximately 2023 million
procedures nnnually. comprising ~80% of all diagnostic
niclear medicing procedures; The widespread interést in
clinical wtilization of this radioisotope is atiributed w s
attructive nuclear decay charucteristics (1, = 6 h. emission of
140 keV p-photon), convenient availability fram Mo/ e
generator, versatile coordination chemistry of ™™ Te For
preparation of wide variety of radiopharmaceuticals and
commercial availability ol lyophilized "cold” kits which offer o
cost=effective route for preparation of these
rachopharmuaceuticals suituble for human administration. The:
column chromatographic " T/ Mo generator using a bed
of acidic alumina has emerged ns the most popular choice for
availing ""Te in nuclear medicine departments worldwide
[3]. However, the capacity of bulk alumina for taking up
molyhdate ions is limited (2-20 mg Mo per gram of aluminal,
necessitating the use of NCA Mo produced through fission
route |3]. Cwwving to the inherent complexities in production of
Fission Mo and the valnerability ol irradiation services from
5 old reseurch reactors which are corrently in use for fission
“Mo production, there s an mcreasing consensus o use
low specific activity ™Mo produced through the neutron
activation route | ()" Mol for prepasation of elimeally useful
“hloy™"Te generators [3; 11, However, the specific activity
of (ny) “Mo iz at least 1000-fold lesser than that of fission
Mo and 15 therefore nol suituble for prepuration of bulk
aluming based column chromulographic generators | 3]

In order to reduce reliance on fission Mo, our group
demonstrated {or the first ime the utility of electrochemical
sepuration approgch for preparation of clinical scale ™Mo/
T generator | 12]. This is primarily based on the selective
electrodeposition of ™ Tc on a platinum electrode by tuking
advantage of the difference i formal electrode potentials of
MoO " and TeO, ions in alkaline media. The preferential
clectadeposition of """ Te relies on applying a potential of 3V
i 0.1 M NaOH mediom for 45 min, With a view to recover the
“"Te deposit on the cathode, electrolysis was carried oul in
suline solution hy reversing the polarity of the electrode und
upplication of a high positive potential for a few seconds. In
this process, the ™ Te deposit conld be quantitatively brought
into saline solution, wherein ™ Te existed as " TeO | Il was
demonsteated that the process was suituble for the separation
of clinically useful " Te, even from very low specific activity
(<185 GByg/myg) “Mao,

Owur group also demonsteated for the first time, the utility
of nanosorbents such as TiP, Zr0, (YALO, and MA for
preparation of clinical scale "Mo™"Te genentors | M), 13-
15]. Recently, 4 comparative evaluation of the performance of
the different nunosorbenis reported was carmied out (o identify
the best choice for preparation of Mo/ Tc generators
using (o,y1"Ma [16]. Though, "Mao/"=T¢ generators
prepared using any of the nanosorbents met the requirements
for use in preparation of radiopharmaceuticals, MA and -
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ALO, were identified as the best choices in view of their
lugher sorption capaciues (- 160 mg Mofg) which could be
used for preparation of clinical-scale Mo/ Te generator
even while using in.y) Mo produced in medium Mux reactors.

The performances of the Mo/ Te eenerators
prepared by both the approaches remained consistent over o
period of 2 weeks, which is comparable 1o the shelf life of the
commercially availible {fission “Mo based) “Mo/*Te
generators. "Te could be obtained with >9%.99 %
radionuclidic purity and the compatibility of the product in
the preparation of " Te-labeled formulations were found o
be satisfactory.

“Ge/"Ga generator

The “Ge/*Ga generator s an excellent source for
availing "Ga (1 = 68 min), which is a positron emitter, with
899 positron branching accompanied by low photon cmission
(1077 keV, 3.22%) [1. 5]. The cvclotron-independent
availability of "Ga from this generator in anionic form has fed
to the development of a8 wide variety of "Ga-based
radiopharmaceuticals, which have opened new horizons for
maoleculardiagnostics using PET, Despite excellent atiributes
of “Ga-radiopharmacy. the low radicactive concentration, high
acidity, unaceeptable “Ge breakthrough, and the presence of
potential metal jon impurities in the generator eluate have
emerged as the major deterrents towards preparation ol “'Ga-
based radiopharmaceuticals using "Ga efuted from most of
the “Ge/Ga genermtors available in the market [5]. Also, most
ol these generdlor systems demonsirate deteriorating
performance in terms of increased “Ge breakthrough and
reduced *Ga elution yield on repeated elutions over o
prolonged period of mme |5]. These limitations could be
circumvented with the availability of ‘state-of-the-urt’
antomated modules For post-elution processing of "G eluate
and subseguent radiopharmaceutical preparation [5].
However, these sutomated modules are highly expensive and
increases  the production cost of "“Ga-based
radiopharmacenticals,

The development of "Ge""Ga generators which could
directly be used for preparation of radiopharmaceuticals
without the need {or post-elution processing of "Ga was first
reported by our group. CeO,-PAN and +-Zr0. was used a5
sorhent matrices in these generators [6, 17], Gallinm-68 could
b repularly eluted from these generators with = 70% elution
yield with high radionuclidic purity (<] = 107 % of “Ge
impurity b chemical purity (<431 ppm ot Ce, Ti. Mi, Fe and Mn
ions) and was directly amenable for the preparation of *Ga-
labeled radiopharmaceuticals. The performances of the
generntors were evaluated for a period of | year. The
generators gave consistent performance with respect o the
elution yield and purity of "Ga throdughout the period of
investigation. The CeO,-PAN based "Ge/*Ga generator
inamed a5 ‘BARC" “GeGa generator) was deployed in Tata
Memorial Hospital CTMH ), Mumbai (Figore 5), where it was
successfully used for proparation of climically relevant doses
of “Ga-based radiopharmaceuticals for cancer diagnosis
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using PET.

Figure 5: "BARC" "Ge/ Ga generator supplied wo TMH,
Muombai for clinical studies.

"SeMY gencrator

Yitrium-90 is a therapeutic mdioisotope of enormous
imerest und radiopharmaceuticals based on ™Y are widely
used for the trestment of cancer as well as in radiation
synoviorthesis [4]. The broad interest in the use of ™Y in
therapeunc nuclear medicine 15 due 0 118 suitable nuclear
characteristics (t, =64.1 h, E, = 2.28 MeV. no yemission)
and M (+3) coordination chemistry suitable for complexation
with various ligands and biomolecules. A radionuclide
generntor system based on the secular equilibrium of ™Sr
decayving to ™Y s 4 convenient method for the production of
high specilic activiry ™Y [4].

Over the pust three decades, several separation
techniques were reported for the development of ™Sr/™Y
generators (4], Most of these separation techmgues invalve
multiple steps employing conventional separation approaches
such as solvent extraction, 1on exchange or extraction
chromatography either alone or in combination. However,
none of these procedures wre npienable for regular use in
hospital rudiopharmacy or in o centralized radiopharmacy.
This is pnmanly because the level of ™St impurity in ™Y
obtaingd from these systems does not meet the reguirements
preseribed in the pharmacopoeias forclinacal use [4]. In view
of the necessity 1o achieve 4 satisfactory degree of separation
af ™% from "Sr. resorting 1o two-step electrochemical
separation procedure was found to be effective [18]. The
separation of Y from a mixture of Sr and Y 15 based on the
selective elecirodeposition of ¥ on a platinum elecirode
attributed to the difference in formal electrode potential of
S und Y™ ions m acidie media, This enabled extraordinarily
high decontamination factors ("Se™Y activity ratio<107) to
be achieved and ™Y wus obtyined in & lorm suitable for
preparation of radiopharmaceuticals,
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Figure 6: Antomated electrochemical “So/™Y generator
{ Kamadhenu)

Adopting the process chemistry developed by our
group, a fully automated electrochemical module for the
electrochemical “Se™Y generntor (numed os “Kamadhenu®)
was developed (Figure 6) and 15 commercially available from
Isotope Technologies Dresden (ITD), Germany. The
automated module is already in operation in some countries.
The above module is designed far the production of op 1o 37
GBy (1 Ciyof ™Y per day.

W/ ™ Re generator

The ""W/'""Re generator is an excellent source for
availing NCA prade "™ Re, which has immense potential for
use in therapeutic nuclear medicing [2,19], The pre-eminence
of this rmdiisotope 15 primarily due its excellent maclear decay
charactenstics |reasonable half-life (16.9 h), high-energy beta
radiation (E, = 2.118MeV), 155 keV (15.8% abundance)
suitable For scintigraphic imaging and dosimetry] and
convenient on-site availability from "W/ Re generators | 2]
The chemistry of Re issimilar to that of Te since they belong
ta the same group in the pertodic table, and this is an additional
advantage towards preparing therapeutic analogues with
molecules thut have shown promising results in diagnosis as
"Te-radiopharmacenticals. Most of the separation
methodologies which hove been reported lor "Mo/"Te
generators have also been exploited for preparation of "W/
"Re generators |21 Out af these procedures, the alumina
based column chromatographic approach wherein "™W is
absorbed on bulk aluming matrix and '*Re is selectively eluted
using saline solution at regular intervals, has been identified
as the most reliable method for the prepuration of "W/ Re
generator | 19]. Owing to the limited sorption capacity of bulk
alurmina (=50 mg Wg), climeal-scale ""W/'""Re generator can
only be prepared using high specitic activity (130-190 GBg/
) "W that can be produced in only very few high flux (~10"
n.eim s ) reactors available in the world [2]. Even while using
high specific aetivity "W produced in theése réactors,
the™ W/ "“Re generators currently available yield low specific
volume (activity/mL) of "™Re and require post-elution
concentration procedures prior to radiopharmaceutical
preparation which is not always very convenient o perform
in hospital radiopharmacies |21, From this perspective, it is
desirable 1o develop "W/ Re penerators where the
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concentration siep can be avoided to simplify the operational
procedure for their widespread clintcal unility:

Our group has explojted the utility of elecirochemical
separation approach for preparation of "*W/'*Re generator
[20]. Electralysis was carmied out in oxalic acid medium by
applying a potential of 7 V for 45 min, using platinum
electrodes. The presence of oxalate jons in the electmlyte
helps in enhancing the reduction of ReQ | ions through
formation of a 121 rheniumoxalato complex. The ™ Re deposit
on the electrode was dissolved in 0.1 M HCI to yield
perrhennic aeid, which was neutralized and passed through
an aluming column for further purification. The recovered
""Re had high radiochemical (=97% ) and radionuclidic purity
(=09 99%) and was suitable for radiolabeling various
hiomolecules, Repeated electrochamical separation of "™Re
fromi the same stock solation of W could be demonstrated
for a period of 6 months and reproducible results were
abtained.

The feasibility of developing clinical scale "*W/'*'Re
column chromatepraphic gensrators using nanosorbents
such as TiP nano-Zr0 and y-ALD, was also explored in our
laboratory [1. 21]. A comparative evaluation of the
nanosorbents was carried out and =ALO, was identified as
the best choice for preparation of "™W/**Re generator since
this material exhibited highest sorption capacity for "W ions
(30 mg Wg) |1, 22]. Leaving aside the difference insorption
capacity, all the generators developed using nanosorbents
yielded ""Re with high radiochemical (3999 ) and radionuclidic
purity {=99.9945 ) and were suituble for use inchimical context
without post-glution concentration and purification
procedures.

Conclasions

In summary, emerging concepts in radionuc|ide
generator technology has been deseribed, which are expectad
o make captivating advances in the field of nuclear medicine,
The electrochemical separation approach was demonstrated
as-an innovative steategy for the development of clinically
useful WS, WM Re and Mo/ Te rndionuclide
generutors, Compuared with conventional methods, the
clectrochemical method provides higher vields as well as
higher radioactive concentration of the daughter product,
good reproducibility and acceptable product purity, Also,
the recent advances in material science have paved the way
for synthesis of a wide variety of nanosorbents through
different routes to obtain tuilored sizes. shapes and
distributions. These nanosorbents have been wsed for
preparation of climeally useful “GeM™Ga, "W/"*Re and
“Wo/ T radionuclide genermors. The wiility of ®Ge/"Ga
generator prepared using nanosorbents has actually been
demonstrated for cancer imaging at Tata Memorial Hospital,
Munmbui.

While the advances made so far are exciting and efforts
o develop new generation of radionuclide generators are
evolving persistently, we still hiave a long way to go in lerms
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of regular utilization of these novel generator svstems in
climeal context. Complenng the technology development as
well us establishing the economics of the approach is the
cornerstone for the survival and strength of such new
upproaches, Nevertheless, with sustained elforis of all
stakeholders, including, radiopharmacists, radiochemisis,
system designers, automation engineers, nuclear medicine
physicians und resulators, the echnologeal and regulatory
barriers can be surmounted and the potential rewards at the
end are expected to be substantial,
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Separation method Physicall chemical Basis Typical examples of
property [or parent radionuclide generators
daughter separation
Column chromatography Charge Difference in adsorption Mol " Te, ®Gel™Ga, "W/

on an adsorbent.

““'lR.‘L llllsrrj:r\[l'

Solvent extraction

Hydrophobicity

Difference in solubility in
two phases.

Mo/ Te, "So™Y

extraction

Sublimation Vapor pressure Difference in vapor Mo/ e
pressure.

Thermochromuatography Vapor pressure Difference inrelative “Mo/"™"Tc
volatility.

Precipiation Solubifity Difference in solubility WSy
product.

Solid-phase column Hydrophobicity Difference in affinity. Mo/ Tt

Electrachemical

Standard electrode
potential (E)

Difference in standard or

formul electrode potential.

Mol Te, " Wi*Re,
\h:lsrlﬁnr'

Extruction chromatography

Specific chemical interaction

Difference in atfinity of
sulutes dissolved in a
ligpuid for an extroctant
immohilized in solid.

MMoMTe, MWLM

Supported liguid membrane
(SL.M)

Chemical energy

Difference in solubility
on the liguid membrang.

Mo Te, MSe™Y

Table 2: The radionuclide generator systems developed by the electrochemical separation approach

Generalor system Sy W/ ™ Re o™ Te
Parent production N nHM5r I L W, W Maoin.y)""Mo
Electrochemical Srt+de —Sr WO, +6H +6c — W+3H0 |MoO [ +4H,0 + 6e — Mo+ 80H
reactions El=-280V E'=-00 Y E="1.03V
YHh43e Y ReQ, +8H+Te = Re+4H O | TeO, +4H+3e = TeQ,+2H.0
E'=-227V E'=+0362V E'=+).738 V

Daughter is selectively electrodeposited by careful control of applied potential
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Tahle 3: Synthesis and structural charcterization of nanosorbents reported for preparation of column chromatographic

radionuchide generators

Nanosorbent Synthesis method Structural Radionuclide
characteristics generators
reported using
this material
TiP Controlled hydrolysis of | Nanocrystalline, rutile Mol Te,
TiCl inisopropyl aleohol | phase, 5 nm crystallite IR R
mediim size, surface urea = 30
mlg
nano-Zr, Controlled hydrolysis of | Nunecrystalline. WM Re
ZrOCI 8H O inisopropyl | biphasic with
alcohol medium monoclinic phase is
major, 15 nm erystallite
size, surface areq -
45mig
t=Zr0), Controlled hydrolysis of Nunocrystalline, "o/ Te,
ZrOCLEH O inammonical | tetragonal phase, 7 nm "Gel"Ga
mecium erystallite size, surface
ares ~ 340 mfe
+ALD, Mechunochemical Nanocrystalline, "Mo/"™Tc,
reaction of aluminum -phase, W Re
nitrate with ammonium 2 nm crystallite size,
carbonate surfice area — 250 m/g
MA Controlled hydrolysis of | Nanocrystalling, y-phasc. FMof*=Tc
aluminum isopropoxide 2-3 nm erystallite size,
using ghicose lemplate surface gres — 230 mife
CeO -PAN Decomposition of ceriwm | Nanocrystalline, W) om e G
oxalate precursor followed | ervstallite size, surface
by incorporition in dres ~ T mife
polyacrylomitele matix
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