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The front cover artwork showcases BARC's multidisciplinary
research programs and their directed applications cutting
across healthcare, medicine, and industry, alongside capacity
building initiatives — all aimed at positively impacting citizens'
lives. In the background, under a night-sky visual effect, are
BARC's foundational facilities in Trombay - the Dhruva and
CIRUS reactors and the Modular Laboratories.
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Newsletter, which presents a diverse spectrum of recent developments and emerging

technological advances from the expanding frontiers of nuclear science & technology at
BARC. The preceding issue provided an overview of the ongoing developmental activities and future
roadmap of the High-Intensity Proton Linear Accelerator (LINAC). Continuing this focus on scientific
and technological progress, the present issue brings together selected developments that reflect the
Centre's multidisciplinary research capabilities and its commitment to translating advanced science
into applications of national and societal relevance.

We are pleased to welcome our scientific community of readers to another edition of the BARC

The first few months of 2026 were marked by a series of activities like National Science Day (NSD) and
National Technology Day (NTD). From 28 February to 2 March, Radiochemistry & Isotope Group,
along with several other groups at BARC organised NSD and interacted with hundreds of enthusiastic
students and visitors. This momentum continued with the observance of NTD in May, commemorating
India's technological achievements and its continuing journey towards technological self-reliance and
global leadership. The scientific spirit, activities, and key impressions from these two flagship events
of BARC are captured in this issue of the Newsletter.

Beyond its core mandate of advancing nuclear energy research, the Department of Atomic Energy
(DAE) institutes continue to foster a broad spectrum of multidisciplinary research aimed at delivering
technologies with tangible societal impact.

Healthcare represents one of the most significant domains in which these scientific advances are
finding direct applications. Appropriately, the theme “Radioisotopes in Medicine” formed a central
focus of both the NSD and NTD programmes. In keeping with this theme, the present issue highlights
recent developments at BARC in radioisotope-based diagnostics and therapy, radiopharmaceuticals,
and approaches for the early detection and screening of cancer among young populations. These
efforts illustrate the translation of nuclear science into healthcare applications for improved
diagnostic & therapeutic capabilities for enhancing quality of life.

Further reflecting the breadth of multidisciplinary research at BARC, this issue features articles on
major system refurbishments supporting new food technologies, high-power infrared laser
technology, and the development of an ultrasensitive fluorescent sensor for selective thorium
detection in water. Collectively, the contributions featured in this issue highlight BARC's continuing
efforts to expand the frontiers of nuclear science and allied technologies while strengthening India's
capabilities in scientific innovation, technological self-reliance, and societal applications.

We thank the all authors, community of reviewers, publication team and others for their positive role
in bringing out this issue in a timely manner.

Mr. Manoj Singh

Outstanding Scientist
Head, Scientific Information Resource Division &
Editor, BARC Newsletter
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Techno-modernization of India’s First Food Irradiation
R&D Facility - Food Package Irradiator (FPI) at BARC

Chandan Dey*, Bhaskar Sanyal*®, S. Gautam®*’, J. Kota*, V. Dave’, P. V. Sarngadharan®, D. C. Kar"®

"Division of Remote Handling and Robotics, Bhabha Atomic Research Centre, Trombay-400085, INDIA
’Food Technology Division, Bhabha Atomic Research Centre, Trombay-400085, INDIA

*Homi Bhabha National Institute, Anushakti Nagar, Mumbai-400094, INDIA

“‘Computational Analysis Division, Bhabha Atomic Research Centre, Visakhapatnam-533101, INDIA

ABSTRACT

The Food Package Irradiator (FPI) is India's first pilot Cobalt 60 based gamma radiation processing
facility. It was designed by Atomic Energy of Canada Limited and commissioned in the year 1967 by
Atomic Energy Establishment, Trombay. This multipurpose facility has been continuously utilized since
its inception for R&D activities using gamma radiation for a wide range of food products to achieve the
desired objectives ranging from sprout inhibition of bulbs (e.g. onion) and tubers (e.g. potato), insect
disinfestation in cereals and pulses, elimination of pathogenic microbes from fish and meat as well as
microbial decontamination in spices. In addition, this facility has also been used for radiation
response studies of various materials and components of the departmental interest. Due to
continuous usage for over five decades since its commissioning and ageing, frequent
disruptions/breakdowns in the product/source handling system became matter of concern.
Availability of spares, particularly for the control system which was based on relay logic, was another
challenge. Complete upgradation of the plant was taken up in 2020 to overcome these issues. Except
the civil structure, all the subsystems, viz. product handling, source movementand controls have been
replaced, resulting in the techno-modernization of Food Package Irradiator. The upgraded facility
resumed the operation in 2022. This article presents an overview of this work and important features
in brief.

KEYWORDS: Food Package Irradiator (FPI), Bulbs, Tubers

The layout of the conveyors and pushers in
the product handling system of the
modernized FPI.

*Author for Correspondence: S. Gautam
E-mail: sgautam@barc.gov.in
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Introduction

Food irradiation in India has been undertaken for
preservation of food for safety, security and international trade.
Based on the product profile and suitability there are different
types of irradiators, such as gamma, electron beam, and X-ray
systems. Gamma irradiator provides deep penetration and
uniform dose distribution but involves handling radioactive
materials with stringent safety requirements. In contrast,
electron beam irradiator offers high process rate and lower
regulatory hurdles but may struggle with thicker products,
whereas X-ray irradiator has issue of conversion efficiency.

Food Package Irradiator (FPI), a Co-60 based gamma
irradiator, was setup in the year 1967 at Food Irradiation
Project Laboratory (FIPLy), current Food Technology Division in
Bhabha Atomic Research Centre, Trombay, Mumbai. The
original plant was a gift from Atomic Energy of Canada Ltd., a
token of friendship to Dr. Homi Jehangir Bhabha, the founder of
India's atomic energy program, from his rowing teammate at
Cambridge, Dr. W.B. Lewis, later the chairman of the
Canadian Atomic Energy Program. The plant utilizes gamma
radiation from Co-60 source with a maximum allowable activity
of 100 kCi. It is a multipurpose facility where a wide range of
food commodities can be processed for R&D purpose in the
dose range of 30 Gy to 25 kGy. This facility houses split source
frame for variable dose rates and therefore suitable to deliver
desired dose in wider spectrum. FPI, BARC has been remained
the work horse since its commissioning for food irradiation
research, allied R&D activities and services in India. The facility
isthe first Category IV food irradiation plantin India. Category IV
irradiator has wet storage system for the radiation source
which is made movable for radiation processing. At present (till
February 2026) there are 32 commercial food irradiation
facilities are operational across the country. Success in R&D at
FPI, BARC has resulted in development of the scaled-up version
of these gamma irradiators for food processing.

Scope of Techno-modernization

Because of more than five decades of utilization, various
components of the facility have been deteriorated leading to
difficulties in smooth plant operation. Unavailability of spare
parts was another problem in plant operation and
maintenance. Additionally, limited technical details were
available without much elaboration. Efforts were made to
reconstruct the detailed design of the existing mechanical and
civil structures in order to assess the possibility of technical
upgradation of the systems. Based on the information and
operational experience the upgradation of the facility was
planned without altering existing civil structures. The major
scope includes a) Replacement of the old product handling
system with upgraded design, b) Replacement of
the entire source drive systems including source lifting
mechanism, and ¢) Up-gradation of control system by replacing
relay-based logic with PLC-SCADA-HMIl interface.

Overall Requirements of an Industrial Irradiator

An irradiation facility should have the following basic
components, a) a radiation source (radionuclide or machine
source), (b) biological shield, (c) a product handling system, (d)
control system, and (e) dosimetry laboratory. The facility must

08 &2 BARC Newsletter May-June

be equipped with adequate source shielding to protect
personnel and the environment from radiation exposure. This
typically involves thick layers of lead or concrete. In case of
Category IV irradiator, demineralized water of adequate
column depth is used as a shielding for source during storage.
The water also serves as a medium for heat dissipation.

Design Features of an Irradiator to Ensure Safety

System is required to be designed for safe and efficient
handling of gamma radiation sources. This includes secure
storage, easy replacement, and proper shielding. It is ensured
that the design provides uniform irradiation of products. This
often involves precise positioning systems and consistent
source-to-product distances. Automation systemis required for
product handling, irradiation cycles and monitoring tool to
enhance efficiency and reduce human error. System is
designed for safe and efficient loading and unloading of
products to be irradiated. This may involve conveyors, robotic
arms, or other handling mechanisms. Easy access to all
components is required for routine maintenance and repairs
which includes source replacement and shielding inspections.
Materials, components which can easily withstand radiation
are used inside radiation cell.

The design features of irradiation facility are made to
prevent unauthorized or accidental access to the irradiation
cell. This includes locked doors, interlock systems, and
controlled entry points. Emergency stop systems and alarms
should be incorporated, along with SOPs (Standard Operating
Procedures) for handling radiation emergencies. The facility
must be equipped with radiation monitoring systems to detect
and measure radiation levels, ensuring safe radiological
environment. During operation of the facility, the trained and
authorized operators should use personnel monitoring
dosimeters and radiation survey meters. Facility is required to
be designed and operated as per the national safety standards
and regulations issued by the BARC Safety Council and Atomic
Energy Regulatory Board (AERB) in India. In general, national
safety standards are well aligned with International one
particularly in terms of safe operation of radiation facilities. All
necessary licenses and permits need to be obtained for the use
and handling of radioactive materials. Comprehensive records
of safety procedures, radiation surveys, maintenance, and
training need to be documented.

Comprehensive training for all the involved personnel on
the operation of the irradiator, safety protocols, and emergency
procedures are required to be provided to ensure operational
safety. Standard Operating Procedures (SOPs) for all aspects of
irradiator operation, maintenance, and emergency response
should be available and required to be implemented. The
design and construction of an irradiation facility influence the
dose delivery to the products. The optimized design is therefore
of paramount importance to ensure adequate dose delivery.
The major objectives to be considered during design of an
irradiation facility are the dose uniformity in the irradiated
product, efficient energy utilization and cost effectiveness.

System Description

Prior to delving into the specifications of the techno-
modernization of FPI design, it is essential to outline the

Issue No. 2026:3
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(b)

Fig.1: a) Plan view and b) Isometric view (3D model) of the conveyors (C) and pushers (P) of the Product Handling System of the modernized Food Package

Irradiator (FPI), FTD.

overarching design requirements that ensure efficient and
safe operation of the facility. The modernization of the
irradiation facility must incorporate robust safety features,
including adequate shielding to protect operators and the
environment from radiation exposure. The mechanical design
needs to facilitate seamless product handling while adhering
to strict dose uniformity standards. Key requirements include a
layout that minimizes radiation exposure to sensitive
components and personnel, as well as the use of materials
capable of withstanding high radiation levels. Moreover, the
system must allow for easy maintenance and access to critical
components without compromising safety. Ergonomic
considerations are also vital, ensuring that product loading
and unloading can be performed comfortably and efficiently. In
addition, the design must comply with national and
international safety regulations, ensuring that all operational
aspects prioritize operator safety while maintaining adequate
dose delivery and reliability in irradiation processes. These
foundational requirements guide the development of the two
major sub-systems: the mechanical system, which includes the
product handling and source drive systems, and the electrical
and control system, which governs the operational integrity
and safety of the entire setup.

Modernization in Product Handling System

A new product handling system was introduced replacing
the old conveyors. There were ten conveyors and nine pushers.
Electrical actuators were used to run the conveyors. Pneumatic
pushers were used to transfer product boxes from one
conveyor to next conveyor after satisfying interlocks. It was a
roller and belt/chain arrangement which was moved by geared
motors. Conveyors 1, 2, 9, 10 were close to control room and
these were belt conveyors. Belt conveyors gave smooth and
noise less operation. Overall noise level in control room was
reduced significantly in comparison with the earlier setup.
However, other conveyors, near the source were exposed to
higher radiation level. As belts cannot withstand high radiation,
metallic roller conveyors were used near source. Before

selecting the belt material, radiation test was carried out on
different belt samples. There were total eight number of motors
and nine pneumatic cylinders. Product boxes, made of
aluminium of size 13"X13"X9” have tare weight of 3.0 kg.
These boxes were used to carry products/samples intended for
radiation processing. The layout (plan view) of the conveyors
and pushers in the product handling system is presented in
Fig.1a. Fig.1b illustrates an isometric view of the 3D model,
showcasing all the conveyors and pushers integrated into the
system. As a part of the operational procedure, the product
boxes are loaded manually on belt conveyor-1 at the loading
station. Boxes move from one conveyor to another conveyor
and finally reach inside irradiation cell. After getting required
radiation exposure, these boxes come out from irradiation cell
through various conveyors. Boxes are unloaded from conveyor-
10 manually at the unloading station.

Modernization in Source Drive System

The modernized FPI has now been equipped with a
sophisticated source & source drive system designed for
optimal performance. The designed capacity of the facility is to
house maximum source activity of 100 kCi and the loading
after refurbishment of the facility was of 89 kCi as on
November 29, 2022. There are two source racks that can
accommodate up to 34 source pencils (W-91 type). The source
is stored in a water pool of 5 m deep, lined with ceramic glazed
tiles. The source handling system facilitates the movement of
source pencils stored in two racks submerged in water.
Sources are raised to operating level and lowered back to its
safe underwater storage position with the help of the source
frame driving unit. Water levels are monitored at various stages
to ensure operational safety and efficiency.

The modernized source driving unit comprised of
pneumatic cylinders, wire ropes, multiple pulleys and source
frames. Multiple pulley arrangements had replaced long
pneumatic cylinders of stroke length of 5.5 meter, reducing to
1.4 meter. Stainless steel wire rope of diameter 4 mm was used
in the source handling system replacing the older rope of

09 < BARC Newsletter May-June : Issue No.2026:3



g~ SIATH (B Fastret vd Wik & Siast d5g ==

RCE IN si

Fig.2: Layout of cylinders, pulleys of source drive system installed at the
cell roof of the modernized FPI.

diameter 2.5 meter. Source frames were connected to wire
rope using qualified swaged socket. Driving unit was installed
atthe rooftop of irradiation cell. In order to take the lifting ropes
to the cell, four existing openings at the roof were utilized. Two
guide ropes were kept unaltered to guide each source frame
during vertical movement. Pneumatic cylinders were employed
in this facility due to the lighter weight of the source frame.
Loose wire protection systems were employed to detect and
signal any rope failure or loosening. The layout of cylinders,
pulleys of source drive systemis shown in Fig.2.

Source Replenishment

The Standard Operating Procedure for the replenishment
of Co60 source pencils in the FPIl involves collaboration among
several agencies. Food Technology Division (FTD) is the user of
the facility and responsible to execute the source
replenishment exercise with necessary approvals. After the
refurbishment of the facility the structural integrity of the
source storage pool was assessed by the Structural Integrity
Committee (SIC), BARC for the first time since commissioning
ensuring safe storage of source. Board of Radiation and
Isotope Technology (BRIT) was engaged in source handling
operations, and Health Physics Division (HPD), BARC provided
the safety coverage during the source replenishment activity.
Initially, the water level in the source storage pool was lowered
by 200 mm to facilitate accommodation of the source storage
and shipping cask (BLC- 100) followed by the removal of the
fencing around the pool. The source unloading process
included careful lowering of the source cage to the bottom of
the pool, removal of the necessary drain plugs and bolts from
the shipping container, and transfer of the source pencils into
isolated source cages meticulously following their serial
numbers. The shipping container was sealed and secured. It
was hoisted above the pool for drainage followed by a thorough
radiation leakage assessment. The loading operation mirrored
this process, starting with the introduction of a source cask into
the irradiator room and ensuring proper placement of the new
pencils according to the activity distribution design finalized
using Monte Carlo based radiation transport code to achieve

Fig.3: Control room with control panel and SCADA panel of modernized
FPI.

desired dose uniformity into the irradiated products. Final
steps involved securing the pencils, performing radiation
measurements, and transferring the shipping container to
BRIT custody.

Modernization in Electrical and Control System

The modernized FPI is now featured with the electrical
and control system encompasses motors, sensors and a PLC-
based control system with HMI and SCADA operator terminal.
Conventional 3-phase, 415 Volts, 50 Hz induction motors
power all the drives. Pneumatic cylinders were used for
pushing operation. Electromechanical limit switches were
installed to sense position and sequence operations. Off-the-
shelf PLC and HMI components were deployed for control and
safety interlocks implementation. End-limit positions sensed
by limit switches/sensors were installed to display and utilize
for process interlocks. Two-position, five-port solenoid valves
were used to control the operation of each cylinder. Radiation-
resistant cables capable of withstanding 200 Mrad were
utilized for signal and power transmission within the irradiation
cell. Control room with control panel and SCADA panel is shown
in Fig.3.

Plant Operation

The Standard Operating Procedure was prepared to start
the modernized facility in Auto Mode with source providing a
systematic approach to ensure safe and efficient operation.
The procedure includes a) powering on the MCB and the main
panel, b) initiating the compressor and checking pneumatic
systems, c¢) activating all the radiation area monitors in Control
room, d) starting the ozone exhaust blowers, and e) verification
to ensure proper functionality of all the interlocks. The SCADA
PC is then powered on, and the SIMATIC WinCC software starts
automatically. Provision for manual launching was also
provided depending on the situational need. After logging in,
the operators can set the operation switch to manual mode,
reset the SCADA panel to clear previous data, and switches to
Auto mode. In addition, essential features were incorporated
such as a) selection of source combinations, b) performance of
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search operation, and c¢) confirmation of the completion of the
auto cycle. Upon finishing all the cycles, the provision was
made to lower the source to its shielded position. Finally, the
session can be concluded by exiting from the SCADA interface
ensuring that all the protocols were followed for operational
integrity and safety.

In the event of a power failure, the feature of auto-
lowering of the source frame to water pool with conveyor
system stop was incorporated. The design also ensured that
the remaining cycle can proceed as long as the UPS is
operational and supply power to the PLCand SCADA CPU.

Commissioning Dosimetry and Radiation Surveillance

The efficient upgradation of the facility was assessed by
carrying out detailed dosimetry exercises to ensure desired
dose delivery to the food commodity. The alignment of the
exposed position of the source frame with the product box was
assessed by the vertical placement of the dosimeters (Fricke
and Ceric Cerous) inside the product box filled with rice as a
medium. The variation in the absorbed dose between top and
the bottom dosimeters was within 5% ensuring acceptable
source and product alignment. In order to obtain the entire
dose profile inside the product box with food commodity, dose
mapping with all possible source and product box
configurations was carried out. The dose rates for small, large
and total source configuration were measured as 5.84 Gy/min,
3.12 kGy/h, and 3.47 kGy/h with improved dose uniformity
ration (DUR) of 1.36, 1.27, and 1.30, respectively. The transit
doses at Dmin and Dmax positions were also measured. A
variation in the transit dose was observed in the range of 9.6 to
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28.6 Gy/transit depending on the source and product box
geometries.

In order to evaluate the radiological safety of the
modernized FPI, a thorough radiation surveillance was carried
out in all the areas of the facility such as control room, maze
portals, cell roof with source exposed or shielded conditions as
per the standard procedures. The radiation levels at all the
occupied areas were well within the permissible limit of 1
uSv/h.

Conclusion

It has been a challenging task to operate an old facility
such as Food Package Irradiator, FTD, BARC complying with the
safety requirements evolved with time. The facility has now
been modernized by replacing all the mechanical, electrical,
electronics and logic controls meeting all the present safety
guidelines. The operation of the modernized facility has now
become easy and ageing related breakdowns have been
eliminated. Systematic preventive maintenances are in place
to ensure smooth and safe operation of the facility. The facility
has now been deployed for R&D exposures of various food and
other commodities of departmental interest for regular
utilization since 2022.
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Development of a Code with a Graphical User Interface
to Simulate the Crystallization Step of the Cu-Cl
Thermochemical Cycle for Hydrogen Production

Smita Mishra*, K. K. Singh
Chemical Engineering Division, Bhabha Atomic Research Centre, Trombay, Mumbai-400085, INDIA.

ABSTRACT

The thermochemical Cu-Cl cycle coupled with a nuclear energy source is a promising process for
e H, generation without emission of greenhouse gases. Crystallization is one of the operations of
" this cycle for the separation of CuCl, crystals from the spent electrolyser solution. Due to the
limited range of conditions under which this crystallization occurs, not every spent solution may
yield the desired crystals upon cooling. As CuCl, crystals are necessary for a sustained cyclic
process in a closed manner, predictions on the extent of crystallization are beneficial for the
operation. Here, a code with a graphical user interface (GUI) has been developed (in Python 3.0)
b . - ~ . | to predict the yield of CuCl, crystallization under different parametric conditions, viz.,

Crystallization yield of CuClz (%)

femperature () temperature, HCI concentration, electrolytic conversion, and electrolyser feed CuCl

Crystallization yield of CuCl, for varying concentration, using the solute mass balance of the crystallization process. Solubility
temperatures for 70% converted correlations are embedded in the code for this purpose. The GUI is useful for predicting the
electrolyser feed of 2 M CuCl in 8 M HCI; extent of desired crystallization for a given electrolyser spent solution. The work carried out in this
= Prediction, m Experimental data. study, leading to the prediction of crystallization yield, is very much beneficial in the operation of

the closed-loop thermochemical Cu-Cl cycle.
KEYWORDS: Cu-Cl thermochemical cycle, Crystallization, Graphical user interface
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Introduction

Hydrogen, having a high energy density of 40 kWh/kg, is
the fuel of the future because it does not emit greenhouse
gases while burning. Conventional methods of hydrogen
generation via fossil fuels lead to massive greenhouse gas
(GHG) emissions (~11 kg CO,/kg H,) [1]. GHG emissions have
become a vital issue, in view of the current scenario of global
warming and its associated disadvantages to life. Alternatively,
H, can also be produced through water splitting using
electrical/ thermal energy [2].

Thermolysis and Electrolysis of water, based on the
single-step decomposition of water, can produce hydrogen.
Thermolysis of water, using heat for the decomposition of
water, requires a very high temperature (>2000°C) and is thus
found impractical. Electrolysis of water is a promising process,
but it uses energy in terms of electricity, which is comparatively
expensive.

On the other hand, thermochemical cycles for hydrogen
production use heat for the decomposition of water in multiple
steps arranged in a closed loop. Thermochemical cycles use a
sequence of chemical reactions for splitting water and thus
adequately reducing the temperature requirement. Here, low-
grade industrial waste heat can be utilised for heating
requirements. These cycles can be coupled with a nuclear
reactor to obtain heat and electricity [3]. Among these cycles,
the Copper-Chlorine (Cu-Cl) cycle has a comparatively lower
heat grade requirement (= 550°C) [4-5]. The 4-step
thermochemical Cu-Cl cycle is selected here because of its
reduced equipment, lower heat requirement, and good energy
efficiency [6-7].

In a 4-step Cu-Cl cycle, electrolysis, crystallization,
hydrolysis, and thermolysis steps are used to attain closed-loop

breaking of water into hydrogen and oxygen (Fig.1). It uses
energy both in the form of heat and electricity, and thus makes
it a hybrid thermochemical cycle. The electrolysis step takes
considerable less energy in the form of electricity, while the rest
of the steps take energy in the form of heat only.

In the electrolysis step, the electrolyser produces H, gas
at the cathode and converts Cu(l) into Cu(ll) at the anode
(Eq.1). As aresult of the oxidation reaction atthe anode, CuCl is
partially converted to CuCl,, having around 50% to 75% of CuCl
oxidation. Because of partial oxidation, the spent electrolyser
solution consists of an aqueous solution of CuCl, (cupric
chloride), CuCl (cuprous chloride), and HCI. This spent solution
becomes feed to the crystallizer for the separation of CuCl,
from the aqueous solution (Eq.2).

The CuCl, crystals, obtained from the crystallizer, are
sent to hydrolysis reactor and its reaction with the steam
produces copper oxychloride (Cu,0Cl,) along with the HCI
(Eq.3). Now in thermolysis reactor, Cu,0Cl, is decomposed
resulting in molten CuCl along with generation of the oxygen
(Eq.4). This molten CuCl is cooled and then dissolved in HCI for
preparation of the anolyte solution of the electrolyzer. The HCI
for dissolution is obtained from a hydrolysis reaction. Thus, all
chemicals are recycled in a closed manner [8] (Fig.1) with net
generation of hydrogen and oxygen from the splitting of water
using multiple steps.

Electrolysis: 2CuCl (aq) + 2HCI (aq) <> 2CuCl, (aq) + H,(8) ~80°C (1)
Crystallization: 2CuCl, (aq) < 2CuCl, (s) ~10°C  (2)
Hydrolysis: 2CuCl, (s) + H,0 (g) <> Cu,0Cl, (s) +2HCI (g) ~350°C (3)
Thermolysis: Cu,0Cl, (s) < 2CuCl (I) + %2 0, (g) ~500°C (4)

H:0(g) m—

Cux0Cl: (s)

Thermolysis ~500 °C

OAg) *+—  CwOCh(s) « 2CuCI(l) + 0.502(g)

CuCI(l)

¥

Hi(g) +— Electrolysis ~80 °C

HCl(g)
Hydrolysis ~350°C R .
2CuCla(s) + HaO(g) + Cu20Ch(s) + 2HCl(g)
| CuCla(s)
I
Crystallization ~10°C
2CuClxaq) < 2CuCh(s)
| 4
CuCl {aq)
CuCl(aq)
HCI {aq)
{lean in CuCl) |
HCl{g)
Y
Spent electrolyte
(rich in CuCly)
CuCl(aq)
CuClz{aq)
HCI (aq)

2CuCl(aq) +2HCl(ag) « 2CuClz(aq) +Hz(g)

Fig.1: Cu-Cl thermochemical cycle for hydrogen production.
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Fig.2: Crystallization yield of CuCl, for varying HCI concentration in the
electrolyser feed for 75% conversion. CuCl concentration in the feed is 2 M
and crystallization temperature is 10 °C;

= Prediction, m Experimental data.

The composition of the spent solution from the
electrolyser may change due to variation in the electrolyser
feed composition and its operating conditions, viz., flow rate
and temperature. This spent solution becomes feed for the
crystallizer, where a super-saturation state is attained by
cooling the feed solution. CuCl, solubility continuously
decreases with increasing HCI concentration [9-10]. On the
other hand, CuCl solubility continuously increases with
increasing HCI concentration [9]. Thus, there is an
intermediate acidity range in which selective crystallization of
CuCl, is viable. The rate and the yield of crystallization of CuCl,
are also affected by HCI concentration [10].

Due to a particular range of conditions under which
crystallization of CuCl, takes place, every feed solution may not
give crystals, irrespective of the crystallization temperature.
For sustained operation of the cycle, it is required to have a
prior idea of the extent of crystallization for a given feed
solution before the physical run. Accordingly, in the present
work, a code with a graphical user interface (GUI) is developed
forthe prediction of crystallization yield for different parametric
conditions, viz., temperature, HCI concentration, electrolytic
conversion, and electrolyser feed CuCl concentration for the
operational range of interest. Values of crystal yield obtained
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[
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Fig.4: Crystallization yield of CuCl, for varying electrolytic conversion for
electrolyser feed of 2 M CuCl, 8 M HCI. Crystallization temperature 10 °C;
= Prediction, m Experimental data.

14 < BARC Newsletter May-June

Fig.3: Crystallization yield of CuCl, for varying temperatures for 70%
converted electrolyser feed of 2 M CuClin 8 M HCI;
= Prediction, m Experimental data.

through GUI code, at different parametric conditions, are
beneficial for the smooth operation of the CuCl cycle.

Methods

The developed GUI code (written in Python 3.0
interpreter) predicts the yield of CuCl and CuCl, crystallization,
for varying operational parameters using solute mass balance
equations of the crystallization process and solubility data,
assuming equilibrium conditions and no evaporation. The
operating time of crystallization is optimised (through batch
experiments) to around 2 hours, as the major part of CuCl, is
crystallised during this period. Also, this leads to manageable
batch time in scaled-up units. However, nearly complete
crystallization to achieve equilibrium may take longer than
that. This is consistent with that reported [10,11].
Crystallization experiments are conducted at a temperature
<=10 °C; at such low temperatures, HCI vapour pressure is also
quite low [12], leading to a low possibility of evaporation of HCI.
Input parameters of the code are crystallization temperature,
feed acidity, electrolytic conversion, electrolyser feed CuCl
concentration, feed volume, HCI molarity and its specific
gravity. Solubility data of CuCl and CuCl, are obtained from the
literature [9-10], regressed with the LAB Fit Curve Fitting
Software [13], and correlations for solubility (of CuCland CuCl,)
are obtained with HCI concentration and temperature as the
independent variables. These solubility correlations are
incorporated in the code to estimate the solubility of CuCl and
CuCl, for a given temperature and HCI concentration. The GUI
displays solubilities along with the yields for given user inputs.
Validation of the code is done with the generated experimental
data. Details of experiments and generated data are presented
inthe earlierwork [14].

Results and Discussion

Comparison of predicted yields of crystallization with
observed yields for different parameters is presented in Fig.2,
3, and 4. These figures show the variation of predicted and
observed yields with HCI concentration, temperature, and
electrolytic conversion, respectively. Observed yields are found
from batch crystallization experiments using a synthetic
electrolyser spent solution of varying composition. The batch
time for experiments was 2 hours. The average deviation
between the yields predicted by the developed code (y,,,) and
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Crystallization step in hybrid thermochemical Cu-Cl cycle for Hydrogen production

Input parameters

Electrolyzer feed CuCl (M) | 2
Electrolytic Conversion (%) | 7%
Feed acidity (M) o
Crystallization temperature (deg C) | 1
Feed volume (ml)
HCI molarity (M)
HCI specific gravity (@/ml) | L-18]

Calculate CuCl2 solubility (molal) | 1364

HAg) ——

Cuz0C; (s)

Thermolysis ~300 °C

Odg) *==— CwOCk(s) = 2CuCl1) + 0.50n(g)

CuCll)

1000

11.6

T — Electrolysis ~80 °C

Calculate CuCl solubility (molal) | 3393

Calculate CuCl2 yield (%)

27.614

2CuClAs) +

2CuCHaq) +2HCHag) = 2CuClxaq) +Ha(g)

HClig)
Hydrolysis ~330 °C

HaO(g) =+ CusOCh(s) + 2HCNg) ()

-3

CuClas)

envamaBSEEERE

Crystallization yield of CuCI2 (%)

[]
HCI (M)

HClig) ®)

__ Prediction
feed 2 M CuCl, conversion 75%, acidity 3 M)

L]

Crystallization yield of Cucl2 (%)

enmmad
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” Temperature (deg C}
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Show graph (a)
Show graph (b)
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Fig.5: Screenshot of the developed graphical user interface (GUI) of the code for predicting the yield of crystallization of CuCl, in the thermochemical Cu-Cl

cycle.

experimentally measured yields from generated data (y.,,) is
around 17%. The deviation between the model prediction and
the datais calculated as,
100 P y xptm -y redan
(%) _ —Z ‘ Exp Pred.
p m=1

Where p stands for the number of data points, and y
represents data values of yield.

Deviation (5)

y Exptm

Yieldis evaluated by Eq.6,

Crystals of CuCl, (mole
Yield = 100x Y ; (mole)

CuCl, in simulated solution (mole)

Effect of HCI concentration

HCl acts as a crystallising agent for the system.
Crystallization of CuCl, is facilitated by the presence of HCI.
Data is generated with an increase in feed HCI concentration at
electrolytic conversion of 75% & a crystallization temperature
of 10°C. Fig.2 shows the comparison of the predicted yield of
CuCl, crystals with the experimental yield for varying HCI
concentration. Yield is observed to be increasing with an
increase in HCI concentration. This goes in accordance with the
solubility of CuCl,, which decreases with an increase in HCI
concentration [10]. The presence of CuCl in the spent solution
may bring further reduction in the solubility of CuCl, because of
the common ion effect. Yield as high as ~ 22% is predicted at
the typical maximum acidity expected (9 M), which compares
well with the experimentally measured yield of ~ 21%. It may
also be noted that at 6 M HCI, no crystal formation is observed
forthe given conversion and temperature.
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Effect of crystallization temperature

Crystallization is favoured by lower temperatures as
solubility decreases with the decrease in temperature. Data is
generated for a temperature range of 0°C to 25°C, and
observations are shown in Fig.3 along with the predicted
values of crystallization yield. Yield is found to be increasing
with the decrease in the crystallization temperature, because
of the decrease in solubility with decreasing temperature. It
may be noted from Fig.3 that, at 25°C, yield is predicted to be
zero for a given solution composition, which agrees well with
the experimental data. Fig.3 also shows that a yield as high as
> 25% is predicted at 0°C for 70% electrolytic conversion. For
the feed solution of 50% converted electrolyser feed of 2 M
CuCl in 8 M HCI, at 0°C, the code predicts crystallization yield
as zero, which is found close to the experimentally measured
yield of around 0.03%.

Effect of electrolytic conversion

Data were obtained using synthetic spent solutions of
electrolyser of different electrolytic conversions as feed, to
observe the effect of electrolytic conversion on the
crystallization of CuCl,. HCI concentration is taken as 8 M, and
crystallization temperature is kept fixed at 10 °C. Results are
presented in Fig.4 along with the predicted values of yield for
the same conditions. It has been observed that both predicted
and observed yield values are increasing with the increase in
the conversion. This is because increasing conversion leads to
increased CuCl, concentration in the crystallizer feed and,
consequently, increased driving force for crystallization. Also,
with an increase in the concentration, the metastable zone
width (MSZW) of crystallization decreases [15], which leads to
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increased nucleation. For lower conversions, such as 50% and
60%, the predicted yield is zero, which matches the zero yield
found in experiments at these conversions. For the feed
solution of 80% converted electrolyser feed of 2 M CuCl in 8 M
HCI, at 1°C, the predicted yield is found as 25.21%, which
appearsin line with the experimental data.

Fig.5 shows the screenshot of the graphical user
interface (GUI) developed for the prediction of crystallization
yields. The upper left frame of the GUI has tabs for providing
user input parameters. The middle left frame contains the tabs
for calculating solubilities and yields. After the input
parameters have been specified by the user, the GUI code runs
in the background and provides the crystallization yield values
of CuCl and CuCl,, on pressing the respective tab. The code
also provides the solubilities estimated through inbuilt
correlations at a given temperature and acidity. The lower left
frame contains the tabs show graph, pressing which displays
the results in a graphical form, both on the right side and the
middle side of the GUI. The CuCl, yield values, from the
crystallization step, obtained from the solution of the model
equations for the typical operational range of acidity,
temperature, electrolytic conversion, and electrolyser feed
CuCl concentration, are shown graphically in the developed
GUI.

Conclusion

The thermochemical Cu-Cl cycle is a promising process
for hydrogen generation. Crystallization is one of the four steps
of this closed-loop cycle. As not every crystalliser feed solution
yields desired crystals on cooling, it is required to assess the
extent of crystallization of CuCl, crystals from a given spent
electrolyte solution, for efficient looping of the cycle. The
composition of the spent electrolyte solution may change due
to variation in the electrolyser feed composition and its
operating conditions. In this work, a code with a GUI has been
developed to predict the yield of crystallization. The GUI
provides the tabs for input parameters to be supplied by the
user. The model equations are solved in the background, and
the yield of crystallization of CuCl and CuCl, for varying
compositions of the spent solution is predicted and displayed.
The code is capable of predicting the yield of crystals for a given
temperature, HCI concentration, electrolytic conversion, and
feed concentration in the operational range of interest.
Predicted values of crystal yield are displayed graphically at
different parametric conditions for the range of operation.
Validation of the code is done with the generated experimental
data. The work carried out in this study, leading to the
prediction of crystallization yield, is important for the design
and scale-up of the crystallization step as well as development
of simulator for the thermochemical Cu-Cl cycle for hydrogen
production.
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Terahertz-Raman Spectroscopy on Carbonated
Hydroxyapatite to Investigate the Signature of Sintering
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ABSTRACT

Terahertz-Raman spectroscopy (THz-Raman) is an advanced rotational-vibrational
spectroscopic technique which can provide structural and molecular fingerprints. This work was
- jt — . aimed to characterize chemically synthesized carbonated apatite, a bone mimicking mineral,
o R e sintered at elevated temperatures 400, 600, 700 and 800°C. A significant enhancementin the
THz-Raman peak intensity at 400°C is attributed to structural reorganization arising from the
removal of loosely bound water and hydroxy! groups. At intermediate temperatures (600-700°C),
S C T R reduced intensity and peak broadening indicate carbonate loss, partial decomposition and
DS S D SR lattice restructuring. At 800°C, the emergence of additional vibrational features in terahertz
region (< 200 cm™) indicates improved crystallinity and possible phase transformation. Notably,
Ca-0 vibrational modes (0-Ca-0) were observed exclusively in the terahertz region and were
absent in the conventional Raman spectral range, highlighting the significance of terahertz-
Raman spectroscopy in capturing low-frequency lattice vibrations.

Electromagnetic spectrum

KEYWORDS: THz-Raman spectroscopy, Rotational-vibrational energy levels, Carbonated apatite,
Bone mineral
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Introduction

Material characterization is ofimmense significance as it
provides an insight into the chemical composition and
structural arrangement of the materials which gives further
information about bonding, purity, defects, mechanical,
biological, thermal, and optical properties. Characteristic
information prior to development helps in optimizing design
and processing, saving significant time and resources. Arange
of techniques such as Scanning Electron Microscopy (SEM),
X-ray Diffraction (XRD), Fourier Transform Infrared
Spectroscopy, X-ray Photoelectron Spectroscopy, and
Transmission Electron Microscopy are already in use for this
purpose. Among them, Raman spectroscopy is a widely used
and a powerful analytical technique based on the inelastic
scattering of light, arising from changes in the polarizability of
molecules. It provides a unique molecular fingerprint of
materials. In this process, the energy of the incident photons,
when they get scattered from molecules, undergoes a shift.
When the photons lose energy during this interaction, it is
termed a Stokes shift, whereas when they gain energy, it is
referred to as an anti-Stokes shift (Fig.1a) [1]. Raman
spectroscopy can also be used to study phase transition,
vibrational rotational modes, glass transition and relaxation
processes [2]. A conventional Raman spectrometer is
associated with molecular vibration in a spectral range from
200 cm™ to 4000 cm™ and Raman signal in the range of
500 cm™ to 1500 cm™ provides chemical fingerprint of the
molecules [3]. In last few decades, Raman spectroscopy at low
wavenumbers (< 200 cm™), also known as Terahertz Raman
spectroscopy (THz-Raman), has added an advancement in the
analysis technique by providing structural fingerprint of the
molecules and gained relevance in the research, Fig.1b [4].
THz-Raman spectroscopy has been used as an advanced
vibrational-rotational spectroscopy approach in the range of
~0.1-10THzor3-300cm™ to probe low-frequency molecular
vibrations correspond to hydrogen bonding, lattice vibrations,
intermolecular interactions, or phonons that are often invisible
inthe conventional Raman or IR spectra [5]. The ability to safely
and remotely detect unknown materials is an advantage of

THz-Raman spectroscopy that is responsible for its wide
popularity. Many explosives and hazardous chemicals have
strong transition < 6 THz (200 cm™) regime. Carriere etal. used
THz-Raman to fingerprint different polymorphic forms of
Carbamazepine with same chemical composition and
Ammonium Nitrate, the material commonly used in explosives
[6]. Singh et al. used THz-Raman spectroscopy to identify five
common nitrogen based high energy organic compounds [7].
Zhang et al. reported THz-Raman spectra of graphite flaks and
single walled carbon nanotubes [8]. Carpinteri et al. studied
mechanical vibration of crystalline lysozyme enzyme in
THz-Raman range [9].

Apatite is the primary mineral component of biological
hard tissues such as bones and teeth and is extremely
importantin biomaterials and biomedical engineering [10]. Itis
a group of calcium phosphate minerals with general formula
Ca,,(P0O,)s(X), where X can be -OH, -Cl, -F, C etc. Apatite possess
hexagonal lattice where phosphate group (PO,*) form a
tetrahedral structure and calcium ion occupy two distinct
crystallographic positions designated as Ca (1) and Ca (ll) sites,
as shown with blue and red colour, respectively in Fig.1c [11].
Carbonated apatite (CA) which is chemically more similar to
natural bone is a modified form in which carbonated ion (C032')
gets substituted into crystal lattice of hydroxyapatite
[Ca,,(PO,);(OH), : (HAP)] and alters the physical and chemical
properties of the lattice [12]. The CAwhen sintered to elevated
temperature can undergo significant chemical and structural
changes due to the thermal instability of carbonate group.
Since, selective laser sintering of CA Is employed for scaffold
fabrication utilized as implant materials, study of its
temperature dependent properties is of great significance.

In this work CA was synthesized by chemical method and
characterized using SEM, EDS (energy dispersive x-ray
spectroscopy), XRD and Raman spectroscopy. The CA powder
was sintered at various elevated temperatures and its
corresponding morphology was studied using SEM.
Temperature dependent change in THz-Raman spectra were
reported inthe range of 0.6 cm™to 3000 cm™.
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Fig.1: lllustration of typical (a) vibrational and rotation level of a molecule, (b) Terahertzand Raman spectrum range and (c) molecular structure of apatite.

18 “: BARC Newsletter May-June

Issue No. 2026:3



g~ SIATH (B Fastret vd Wik & Siast d5g ==

‘Adding both the solution drop wise
% 6\‘
- -

09 M (nudpm.] 0.15M Ca[NO,), . 4H,0
solution

-

Fig.2: lllustration the steps for synthesis of CA.

Experiment

For synthesis of CA, about 9.45 g of NaHCO, was added
to 250 ml of distilled water heated at 60°C placed on a
magnetic stirrer to prepare bicarbonate mixture. Separately,
about 8.85 g of 0.15 M of Ca(NO,),.4H,0 in 250 ml of DI water
and 2.97 g of 0.99 M of (NH,),HPO, in 250 ml of DI water were
stirred for 30 min. These two solutions were added into the
bicarbonate mixture drop wise. The pH of the mixture was
adjusted and maintained at 9 by adding ammonium hydroxide
solution. The reaction mixture was continuously agitated at
1000 rpm and 60°C for 2 h. The precipitates was then washed
three times with mixture of distilled water and 5% ethanol [13].
The residue was then dried at 80°C for 24 h in an oven and
ground to a fine powder to obtain CA. A schematic diagram
illustrating the steps of CA synthesis is shown in Fig. 2. For THz-
Raman characteristics, CA powder was sintered at elevated
temperature of 400°C, 600°C, 700°C and 800°C and sintered
samples were termed as CA-400, CA-600, CA-700 and CA-800,
respectively. Morphology of CAsamples was studied using SEM
(S&C 4500 M) and THz-Raman characterization was done in
the range of 0.6 cm™ to 3300 cm™ ( 0.018 to 89 THz) using
IndiRAM CTR300C Confocal Micro Raman/PL Spectrometer.

Results and Discussion

Fig.3a shows SEM image of as synthesized CA in which
nanostructured powder is clearly visible. In EDS analysis
shown in Fig.3b, detection of carbon along with Ca and P
without additional impurity confirmed success of carbonation.
Raman spectra of as synthesized CA and HAP (for the sake of
comparison) are shown in Fig.3c. One can notice that the
characteristic peak of HAP at 960 cm™ corresponding to P043'
stretching diminished and sharp an intense peak at 1090 cm™
was observed in case of CA. This peak at 1090 cm™
corresponds to the v, symmetric stretching mode of CO,” ions
in CA [14, 15].This indicated that PO,” in HAP lattice was
replaced by CO.,> molecules during the process of
carbonization and this is called B-type substitution. Another
possible replacement is -OH site in HAP by CO,” and that is
called A-type substitution [12]. Most of the biological apatites
are of B-type CA. Fig.3d shows the XRD data that exhibit typical
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Fig.3: (a) SEM image (b) EDS analysis of as synthesized CA, (c) Raman
spectra of HAPand CA (d) XRD of as synthesized CA.

diffraction peaks at 25.8°, 28.1°, 29.4°, 31.9°, 32.9°, 34.0°,
39.5°% 47.5°, 48.5°, 50.05°, 53.1°, and 55.9° corresponding to
(002), (102), (210), (211), (112), (300), (202), (310), (222),
(312),(213), (004), and (322) planes of CA respectively(JCPDS
09-0432)[16].

Figs.4a-4d show the SEM images of sintered CA powder
where temperature dependent change in morphology is clearly
visible. Fig.4e shows the THz-Raman spectra of as synthesized
and sintered CA samples. In Raman band from 400" c¢m to
1300 cm?, the characteristic peak of CA the characteristic
peak of CA showed a significant increment for CA-400. This
could be because at 400°C removal of loosely bound water,
hydroxyl group and surface impurity induced structural
reorganization and improved detectability of carbonated group
[17]. Further, possibility of crystalline order of apatite lattice at
this temperature may have enhanced the efficiency of Raman
scattering. For CA-600, there is a possibility of carbonated
group decomposing and release of CO, gas from the lattice
structure. This resulted in the reduction of Raman peak
intensity at 1090 cm™. As carbonate content reduces in the
structure, the lattice shift towards stoichiometric HAP and
therefore, the characteristic peak of PO,” stretching of HAP was
observed 960 cm™. On further sintering to 700-800°C,
significant decomposition resulted in alteration of Ca/P ratio of
apatite and phase transition to B-tricalcium phosphate (3-TCP)
[17]. The defects generated during carbonated substitution get
removed during sintering at these high temperature and
generate more ordered structure [18].

A significant temperature dependent behavior was
observed for CA in THz-Raman band (1-10 THz or 0-333 cm™)
which correspond to phonon vibrations that arise due to
collective motion of atoms in the crystal lattice (Fig.4e). As
synthesized CAthatis characterized by broad bands at 3.4 THz,
4.53THz, 5.13THz, 6.12 THz, 8.00 THz and 8.97 THz indicates
poor crystallinity and structural disorder. The CA-400, exhibited
two significantly intense sharp peaks centered around
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Fig.4: SEM images of (a) CA-400, (b) CA-600, (c) CA-700, (d) CA-800 and (e) THz-Raman spectra of CA, CA-400, CA-600, CA-700 and CA-800.

4.56 THz and 8.33 THz along with low intense peaks at 1.08
THz, 1.59 THz, 2.02 THz, and 2.32 THz. In the intermediate
temperatures (600-700°C), reduction in peak intensity and
peak broadening indicated structural modification due to loss
of carbonated group, decomposition and restructuring. Here
the observed THz-Raman bands were at 1.06 THz, 1.85 THz,
2.64 THz, 4.56 THz and 8.33 THz. At 800°C, additional
vibrational features appeared in the THz-Raman spectrum,
indicated possible phase transformation and modification in
lattice dynamics [19]. Surface phonons contributes strongly in
low-frequency Raman signals results in bond splitting and
appearance of new peaks. It has been reported that the
THz-Raman peaks detected < 2 THz (< 70 cm™) corresponds to
translational vibration motion of Ca® ions. Peaks between
2-6 THz (70-200 cm™) corresponds to librational (restricted
rotational) modes of PO, and CO, groups. And, the peaks
between 6- 10 THz are low energy optical vibration of O-Ca-O
bending [20].

Conclusion

The CA powder was successfully synthesized via a
simple in-house chemical technique. Superior quality and
purity of CA powder was confirmed from EDS, Raman and XRD.
The signature of sintering (400-800°C) was systematically
investigated using THz-Raman spectroscopy in both the
terahertz (0-10 THz) & conventional Raman (400-1300cm-?)
regime. The terahertz regime revealed collective translational
and librational motions of Ca2* ions and PO,/CO, units, which
are not accessible in the conventional Raman range.
Carbonate substitution-induced lattice disorder was evident
from peak broadening in the THz spectra for CA-600 and CA-
700, providing direct insight into structural dynamics and
substitution mechanisms. With increasing sintering
temperature, progressive decarbonation, and enhanced
crystallinity, were observed. These findings demonstrate that
terahertz-Raman spectroscopy serves as a powerful
complementary tool for probing low-frequency lattice
vibrations and offers enhanced sensitivity for identifying
structural evolution in apatite systems.
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ABSTRACT
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In (U, Pu) O Mixed Oxide (MOX) blended powder, plutonium content is determined by process control
methods using the Neutron Well Coincidence Counter (NWCC) technique. The existing system
employed legacy electronics, posing limitations in maintainability and compatibility. Because such
systems are restricted under export controls and commercially unavailable in India, indigenous
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Coincidence counts in CPS
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R?=0.9991 development is absolutely essential to support the Department passive neutron assay activities. To

10 address this, the Electronics Division at BARC, Mumbai, developed an in-house Field Programmable

5 Gate Array (FPGA) based coincidence module. It features associated signal processing electronics

N and a graphical user interface for data acquisition, visualization, and parameter configuration,

25 3 35 4 45 5 55 6 65 7 enhancing flexibility for future research. Tested alongside the legacy system under identical

WeightiollRu®inlgram conditions at F.F., INRP(O), Tarapur, the module demonstrated improved stability and counting

Coincidence counts in CPS Vs PuO, accuracy, achieving correlation values (R2) from 0.997 to 0.999. This work provides a maintainable,
Wt.(FPGA Based) fully indigenous solution for sustained neutron coincidence measurements.

KEYWORDS: FPGA, Gate Array, NWCC, Neutron Well, Coincidence Counter, Electronics, HDPE,
Software, IC, Module
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Introduction

Quantitive analysis of Plutonium is an essential task in
MOX fuel fabrication. Passive neutron coincidence counting is
a well-established nondestructive assay technique used for
estimating plutonium content in MOX fuel fabrication and
safeguards applications [1]. Conventional chemical analysis
methods, although precise, are slow, require elaborate
sampling procedures, and generate o-active liquid waste,
making them unsuitable for routine large scale operations.
Earlier studies at BARC have demonstrated that NWCC, provide
fast, reliable, and waste-free verification of PuO enrichmentin
MOX fuel blends as well as in recycled materials such as Clean
Rejected Oxide (CRO) powder and Dirty Rejected Oxide (DRO)
powder [2]. NWCC distinguishes spontaneous fission neutrons
from random (a,n) neutrons by analysing their time correlation.
In plutonium-bearing MOX powders, spontaneous fission from
even-even isotopes (mainly ***Pu, **°Pu, **Pu) provides
correlated events, while (a,n) neutrons from oxygen contribute
an uncorrelated background [1]. Earlier work at BARC Tarapur
established NWCC as a practical tool for verifying PuO content
across a wide range of sample sizes and demonstrated strong
agreement with chemical methods for MOX pellets [2]. For
detect coincidence event, different types of coincidence
detection circuits have been described by Ensslin et al., who
demonstrated that shift-register-based systems significantly
reduce system dead time [1]. NWCC systems subsequently
relied on shift-register-based electronics, first conceptualized
by Boehnel et al. [1,3]. The electronic circuitry was further
developed by Stephens et al. [4] and later improved by
Swansen et al. [5,6] and Lambert et al. [7]. The shift-register
concept enabled a substantial reduction in coincidence dead
time and allowed measurements at higher count rates.

The design by Swansen et al. provided selectable gate
widths (8-128 us) and pre-delays (1-32 us), enabling reliable
operation at total count rates of several hundred kHz. Similar
systems were also developed and optimized at BARC by S. P.
Dange et al. and S. C. Kapoor et al., incorporating a fixed 8 us
delay and two selectable gate widths of 64 ysand 128 us [8,9].
However, these systems were implemented using discrete
electronic components, many of which are now obsolete and
no longer commercially available, creating challenges for long-
term maintenance and reproducibility. In addition, the
available gate widths were restricted to discrete values that are
multiples of 20, limiting optimization for different detector
geometries and measurement conditions. Furthermore, the
Real + Accidental (R + A) and Accidental (A) outputs obtained
from the scalers do not represent true event counts, as the
circuitry generates a single TTL pulse only when the
accumulator exceeds a fixed threshold of ten counts.

To overcome these limitations, an FPGA-based
coincidence counting module with associated signal-
processing electronics was developed in-house at Electronics
Division, BARC. The system was tested in parallel with the
existing setup at F.F.,, INRP(O), Tarapur, under identical
conditions. The developed system provides a flexible and
maintainable indigenous solution compatible with established
NWCC practices and can be extended for applications such as
multiplicity counting and safeguards.

23 “: BARC Newsletter May-June

Overview of Existing System

The current system installed at F.F., INRP(O) was
developed by the Radiochemistry Division, BARC, Mumbai, in
1993. The development and optimization details of this system
are described in [8,9]. The block diagram of the system is
shown in Figure 1. The system consists of the following units:

Detector Assembly: It is made up of 16 He-3 counters (50 cm
length; 2.54 cm diameter and filled with He-3 at 4 Atm.
pressure) arranged in single concentric array within the
moderator housing of High-Density Polyethylene (HDPE).

Pre Amplifier: A single charge-sensitive preamplifier has
been used for both high voltage biasing and amplification of
the signal received from the detector assembly.

Amplifier: A single width Nuclear Instrumentation Module
(NIM) Spectroscopy amplifier having variable gain (1to 1000).

Coincidence Unit: The coincidence unitis a double width NIM
module based on shift-register logic for neutron coincidence
counting. Input pulses from the amplifier are discriminated into
standard logic pulses and synchronized with the system clock
for processing. A fix pre-delay is introduced using an 8-bit shift
register to accommodate detector and amplifier recovery time
and to avoid bias between the real-plus-accidental (R+A) and
accidental (ACC) gates. The prompt R+A gate is implemented
using a 64-bit shift register, providing selectable gate widths of
64 us or 128 us. Coincidence events within the R+A and ACC
gates are continuously monitored using an up-down counter,
which tracks the number of pulses present in the gate at any
instant.

The counter output is processed through binary adders,
converted to BCD format using binary-to-BCD converters, and
accumulated in register latches. A fixed long delay of 1024 us
between R+A and ACC sampling is generated using cascaded
64-bit shift registers. Each input pulse independently
generates its own R+Aand ACC sampling gates, eliminating the
need to wait for gate closure and resulting in very low system
dead time. This architecture allows operation at counting rates
of several kilohertz. An underflow detection circuit provides
fault indication, while the accumulated R+A and ACC counts
are displayed using LED-based readouts.

H.V.
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Detector 3

assembly Pre-Amp Amplifier
J
I \
Coincidance unit Timer-tripple

scaler

g

Fig.1: Block diagram of NWCC system.
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Details of FPGA based NWCC System

Electronics Division, BARC, had undertaken the
development of the new portable and compact NWCC system
based on the requirements of Fuel Fabrication Division,
Nuclear Recycle Board, BARC, Tarapur and have delivered two
NWCC units along with associated low noise charge sensitive
pre-amplifiers (CSPA) for the He-3 Neutron well detector
assembly.

One complete NWCC system consists of HDPE well with
16 detector assembly, CSPA (mounted very close to the
detector assembly) and a compact and portable (25 cm X

30cm X 15 cm) NWCC module comprising a variable HV supply,
a variable gain spectroscopy amplifier, a discriminator logic,
CSPA supply for external CSPA. A 1.5 KV, 1.3 mA HV supply is
used for biasing multiple He-3 detectors in the detector
assembly with a FPGA based programmable HV control logic
with a voltage setting resolution of 1V in 1500V, a high count
rate (maximum 200K CPS) FPGA based coincidence counter,
and an Ethernetinterface for data exchange with the command
and control PC running the NWCC analysis software. The new
NWCC system being portable and operating on 230V AC mains
mitigates the need for large and heavy specialized supply bins
used with the earlier NIM based NWCC system.

| Well Detector Assembly |

NWCC MODULE (25cm X 30cm X 15¢m)

Discriminator Logic

FPGA based Shift register
based High count rate
coincidence counter
(max 200K CPS)

FPGA Based HV Control

Ethernet Interface

Variable gain
Spectroscopy
Amplifier
=
= =
g CSPA
T Power
Supply
HV
Supply
Charge Sensitive Pre \
Amplifier (CSPA) g\g\'b
S\

Jd [oauo)

o

S o

ER NS

D M

23

o 3 Command and control PC
a2 running NWCC analysis

software

Fig.3: Block Diagram of the complete FPGA based NWCC System.
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The technical specifications of the various electronic
sub-modules of the NWCC system are as follows.

(A) Charge Sensitive Pre Amplifier (CSPA):
(@) Charge Sensitivity (Si equivalent): Nominally 45 mV/MeV.
(b) RiseTime:< 10nsatOpF

(¢) Input: Accepts positive or negative charge input from
detector.

(d) Bias: Accepts detector bias from bias supply generated at
NWCC module and applies it to detector through the input
connector, maximum 1500V, 1.3 mA

() Power: Input power through 2-meter power cable from 9
pin D type connector in shaping amplifierin the NWCC module.

(B) Spectroscopy Amplifier:

(@) GainRange: Continuously adjustable from 10to 500.

(b)  PulseShape: Unipolar Gaussian pulse shape at the output.
(c)  ShapingTime: 1 pysec (Fixed).

(C) Discriminator Logic:

(@ LowerLevel Discriminator (LLD): Variable LLD level from OV to

6V settable with a voltage setting resolution of 50 mV in the
range.

(b)  Upper Level Discriminator (ULD): Variable ULD level from OV
to 10V settable with a voltage setting resolution of 50 mVin the
range.

(D) Programmable High Voltage:

(@ Output Range: O V to 1500 V with a voltage setting
resolution on 1V (controlled by PC over Ethernet via FPGA
based HV control algorithm)

(b)  Maximum Currentrange: 1.3 mA.

(c) Interface: Connected to the Pre-amplifier via a 1-meter
long Safe High Voltage (SHV) cable.

(E) FPGA based Coincidence Counter: The coincidence
logic has been implemented in the FPGA through HDL based
firmware development, following the coincidence algorithm
described in [3]. Since the logic is realized using HDL, all
operational parameters (Pre-delay, gate width, long delay) and
functional features of the coincidence system are fully
configurable and can be adapted for various passive neutron

assay applications within the department with only minor
modifications to the firmware. For the INRP(O) system, which
employs 16, He-3 detectors arranged in a well-type geometry,
the coincidence logic has been configured with the following
parameters:

(@) Pre-Delay: Variable pre-delay time settable from 1 psec to
32 usec with a setting resolution of 1 usec.

(b)  Gate Width: Variable gate width settable from 8 usec to
128 usec with a setting resolution of 8 usec (i.e. 8, 16, 24, 32
....... 112,120,128).

()  Maximum CountRate: 200K counts per second.
(F) NWCC Analysis Software (Running on PC):

(@) Thesoftware provides command and control GUl ona PC
for data acquisition from NWCC system hardware and for
setting various hardware parameters over Ethernet.

() The software also allows the user to automate
preprogrammed acquisition runs for a preprogrammed
duration using the automation module in the software.

() Thesoftware can also generate regression plots from the
data acquired from multiple samples and can compute the R
value.

Experiment and Results

To validate the performance of the FPGA based
Coincidence Counting Module, an experimental setup was
configured. A single preamplifier and spectroscopy amplifier
was used to ensure identical input signal conditions for both
coincidence counting units under comparison. The output of
the spectroscopy amplifier was split into two identical signal
paths. Each path was fed simultaneously to the FPGA based
coincidence module and the reference coincidence module.

Identical operating parameters were configured in both
coincidence modules:

° Pre-delay: 8 us
° Gatewidth: 128 ys
° Threshold: 2.5V

Astandard PuO source was used for testing. The mass of
the PuO source ranged from 3 g to 6.6 g. For each mass value,
measurements were carried out for 100 seconds, and five
repetitions were performed. The average real coincidence

Coincidence counts
28
m FPGA based unit

24
20
1
1

STD3 STD3+1STD3+2 STD4 STD 4+1 STD 4+2
Standard Sources
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o N O
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Fig.4: Coincidence counts for Ref. and FPGA based unit with diff. std.

Fig.5: Total counts for Ref. and FPGA based unit with diff. std.
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Fig.6: Coincidence counts in CPS Vs PuO, Wt. (Ref. unit).

counts and total counts were calculated for both modules. The
details are presented infigure 4 and 5.

Figures 6 and 7 show the relationship between source
mass and coincidence counts for the reference module and the
FPGA-based module, respectively. The linear regression
analysis yielded an R2 value of 0.9984 for the reference
module and 0.9991 forthe FPGA based module.

Conclusion

This comparative study confirms that discrete IC based
coincidence module can be effectively replaced by the
proposed FPGA based module. The FPGA implementation
offers greater flexibility, allowing parameters such as gate
width and pre-delay to be modified through software without
hardware changes, making it suitable for future research
applications. The obtained R’ values of 0.9984 for the existing
system and 0.9991 for the FPGA based system confirm the
good correlation and reliable performance of the developed
module.

Future Scope and Possibilities

The FPGA-based design enables modification of well
geometry and flexible adjustment of gate width and pre-delay
without changing the overall electronic system. This allows
optimization of the coincidence window for different detector
configurations and sample conditions. The improved timing
control enhances discrimination between real and accidental
events, resulting in better accuracy. The programmable
architecture ensures long-term adaptability.
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Key Technical Barriers in Pre-clinical Development
of New Radiopharmaceuticals: A Perspective
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ABSTRACT

In the new radiopharmaceutical development and expansion, the clinical safety is
fundamental for human application. Risk assessment by using laboratory animalsisa
crucial step in the phases of pre-clinical development of radiopharmaceuticals either
for diagnostic or therapeutic use. Animal studies are a cornerstone of
radiopharmaceutical development, where ‘cutand count’ acts as a traditional method
for gathering data. The scientific communities have embraced the animal welfare and
3Rs principle for animal experiments worldwide. Therefore, testing of new
radiopharmaceuticals by using routine in vivo biodistribution & pharmacokinetic
understanding of animal models have been adopted. Fundamental knowledge of
animal physiology and experimental design is essential when developing new
radiopharmaceuticals, as this knowledge justifies the selection of the species, strains,
sex, and total number of animals used. In this report, we endeavoured to address the
practical challenges and their solutions to be implemented to overcome the barriers in
the development of new radiopharmaceuticals, while adhering to ethical guidelines to
ensure scientific outcomes for societal benefit.

Biodistribution imaging in rabbit displaying
high-intensity uptake in specific regions.
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Introduction

Biomedical and pharmaceutical research relies
extensively upon the use of laboratory mice, wistar rats, Guinea
pigs, and rabbits (Shete et al., 2024). Administering
investigational agents such as novel drug formulations,
antibodies, and radiopharmaceuticals allows researchers to
determine vital pharmacokinetic and toxicological data
necessary for successful clinical translation (Turner et al,
2011).

The Radiation Medicine Centre, BARC, Parel, is a pioneer
institute in radioisotopic treatment in India. Although 1963
marked the beginning of preclinical radiopharmaceutical
testing in animals, specific guidelines for handling radioactivity
in this context were initially underdeveloped. Subsequently, the
Atomic Energy Regulatory Board was established to regulate
the safety and use of these materials. The AERB (Atomic Energy
Regulatory Board) and International Atomic Energy Agency
(IAEA), have established guidelines for optimizing medical
radiation exposure and setting safety standards for human
patients. The evaluation of preclinical animal studies in
radiopharmaceutical development hinges on three main
factors, translational relevance to human application, the
physicochemical properties of the agent, and the specific study
objectives (Korde et al., 2022). The persistent advancement of
radioactive tracers is imperative to address the complex
demands of modern health challenges. As a result, non-clinical
testing of radiopharmaceuticals has experienced a threefold
increase, leadingto a surge inanimal usage.

Radiopharmaceutical studies aim to ensure safe clinical
use through the evaluation of in-vivo behaviour. Essential
nonclinical studies must be performed to define target
engagement, non-target organ uptake, and biodistribution,
ensuring safe administration (Baldrick, 2021., Korde et al.
2022). Various factors, including species-specific variations,
difference in metabolic pathways or protein expressions,
administration routes, distress, method of evaluation and
anesthesia, influence experimental outcome, often resulting in
failed clinical trials. A literature survey highlights that improper
consideration of these factors contributes to significant delays
in translating preclinical findings to human applications.
(Andes et al., 2002, Namdari et al.,2021, Mukherjee et al.,
2022, Mizuoetal., 2023).

Globally new guidelines have been established, stating
that the use of animals in experiments must adhere to the 3Rs
principle of Replacement, Reduction, and Refinement
(CCSEA,2018, Kousholt et al., 2023). Furthermore, the IAEA
preclinical testing guidelines (2023) emphasize that the '3Rs'
principle must be followed in accordance with national
guidelines. In biodistribution studies, the principles of
reduction and refinement can be achieved by utilizing
advanced imaging techniques and modifying evaluation
methods.

Despite significant scientific progress, regulatory
frameworks for preclinical radiopharmaceutical animal testing
have failed to evolve, adhering instead to protocols established
several decades ago. Consequently, a comprehensive revision
of the Radiopharmaceutical Committee (RPC) regulations

28 : BARC Newsletter May-June %

governing preclinical studies for radiopharmaceuticals is
required.

We herein outline the essential technical considerations
for in vivo radiopharmaceutical studies, covering the various
component such as anesthesia, dosing, animal model
selection, and appropriate evaluation method to obtain
biodistribution data.

To achieve better scientific outcomes from the animal
experiments, it is necessary to integrate fundamental
knowledge of existing animal species and refine procedures,
which leads to improvements in both scientific research and
animal welfare.

Technical Hurdles
Routes of administrations

An objective of the animal experiments, the route of
administration is defined in preclinical models by: (i) the
properties of the compound, (ii) nature of the formulation and
(iii) routes of human application. Different routes of
administrations like intravenous, intramuscular,
Subcutaneous, intraperitoneal and intradermal, intrathoracic,
intranasal, intracerebral and topical used in animals. The
most commonly employed routes of administration for
preclinical test substances are intravenous, subcutaneous,
intraperitoneal (Shimizu, 2004). Administration methods for
radiopharmaceuticals are tailored to their physicochemical
properties and experimental findings. Precise intravenous
administration is crucial for the success of many preclinical
radiopharmaceutical studies (Vines, et al., 2011). However,
radiopharmaceutical was also tested by subcutaneous, retro-
orbital, intraperitoneal administrations are also examined by
investigators in preclinical studies of radiopharmaceuticals
(Schiffer, etal., 2007, Fueger et al., 2006).

The administration route in animal research is usually
kept consistent with that used in humans, while the specific
dose of the test radiopharmaceutical is adjusted according to
the intended application. While in majority the preferred route
of administration for radiopharmaceutical is intravenous route,
there are few exceptions like (a) lodine-131 is given by oral
route, and the same for the Technetium-99m for gastric
emptying study, while (b) inhalation route is adopted for
radiolabeled gases used in lung studies include xenon-133,
Krypton-81m (Clerc etal., 2017).

Administering radiopharmaceuticals via the fragile
lateral tail veins of conscious mice is a technically demanding
procedure due to the small, delicate nature of the vessels
(Nanni et.al.,2007). The small diameter of the lateral tail vein
often leads to vessel damage and blockage when repeated
injections are attempted (Shimizu.,2004). These difficulties
not only complicate subsequent intravenous access but also
cause pain and distress, impacting the animal's welfare and
altering normal physiological parameters. Consequently, this
can affect group behaviour and introduce variability in the
biodistribution data, compromising study integrity (Vines,
2011, NIH guideline, 2019).

Handling stress is a major factor influencing vein
accessibility in rodent models. Untrained personnel, excessive
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Fig.1: Intravenous administration of radiopharmaceuticals via mouse tail vein in preclinical testing: A. Tail vein in normal condition, B. After 30 minutes in a
37°C warming chamber, the tail vein showed improved visibility compared to normal conditions, C. The combined use of warming and a tail vein light

illuminator improves vascular visibility in BALB/c mice.

handling, and environmental noise can trigger stress in mice
and rats. This leads to increased aggression, fear-based
freezing, and significant peripheral vasoconstriction, creating
substantial challenges for successful, intravenous injections
(Kimetal., 2019, Kiyatkin etal., 2021).

Radiotracers are frequently administered into the
interstitium rather than accurate intravenously, negatively
affecting preclinical research outcomes. The frequency and
severity of these mistakes, even with experienced staff, are
often underestimated, serving as a critical limiting factor for
data quality in small rodent PET-CT imaging studies (Groman et
al., 2004). Radiopharmaceutical biodistribution and PET
quantification in mice are significantly influenced by injection
technique, leading to discrepancies in percent uptake valuesin
mice (Vinesetal.,2011).

Apart from this, the radioactivity handler person gets the
unnecessary exposure when manipulating the tail vein for
radiopharmaceutical injection inthe animals (Vines, 2011).

To overcome such problems, animal handlers should
receive comprehensive training in effective handling
techniques to minimize stress and distress in animals. A proper
way of handling animals reduces aggression and enhances
their normal physiological state, which in turn helps ensure the
accuracy of intravenous injections.

To prepare the tail for improved visibility and promote
vasodilation, consideration can be made for using a heating
lamp, warming chamber, immersing it in warm water, or
utilizing a specialized platform with a heating element
(Shimizu.,2004) (Fig.1,2,3and 4).

While the tail vein is the conventional route for
intravenous injections in small rodents, scientific literature
recommends several alternative, highly accessible blood
vessels to improve injection accuracy and success rates. These
alternativesinclude the dorsal metatarsal vein of the hind limb,
the saphenous vein, the external jugular vein, and the retro-
orbital plexus (Wangetal., 2022).

To enhance the accuracy of nonclinical data in
radiopharmaceutical studies and better mimic common
human administration routes, appropriate intravenous
injection techniques in small animals must be considered,
even if these routes are not routinely employed in standard
laboratory practices.

Selection of animal species

The selection of an appropriate animal model is a key
factor defining research outcomes, with the optimal choice
depending heavily on the study's specific objectives. Proper
species selection based on the therapeutic or diagnostic

Fig.2: Intravenous administration of radiopharmaceuticals via Rat tail vein in preclinical testing: A. Rat tail vein in normal condition, B. After 30 minutes ina
37 °C warming chamber, the tail vein showed improved visibility compared to normal conditions, C. The combined use of warming and a tail vein light

illuminator improves vascular visibility in wistar rat.
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Fig.3: Intravenous administration of radiopharmaceuticals via C57Bl/6 mice tail vein in preclinical testing: A. Black mice tail vein in normal condition, B.
After 30 minutes in a 37°C warming chamber, the tail vein showed improved visibility compared to normal conditions, C. The combined use of warming and
atail vein lightilluminator improves vascular visibility in black mice.

application of radiopharmaceuticals is essential for enhancing
the translation of animal data to humans (Alstrup et al., 2021,
Fowleretal.,2001).

Animal species in nonclinical studies are chosen for their
similarity to humans in anatomy, physiology, and metabolism
specifically, “Absorption, Distribution, Metabolism, and
Excretion” (ADME). This selection ensures that cross-reactivity
and pharmacological responses are relevant for human clinical
application (Namdarietal., 2022, Mizuo etal., 2023).

Generally, mice and rats are the most commonly used
animal models for radiopharmaceutical studies, often
requiring a large number of animals to be sacrificed to
generate biodistribution data for each time point. Beyond
these two, other species are also being explored for testing the
same radiopharmaceuticals and for various other studies
(Alstrup et al.,2021, Lambrecht., 2012, Kuntner et al., 2011,
Maitzetal., 2024), (Fig.5).

The primary objective in radiopharmaceutical studies is
to ensure human safety by providing safe administration,
preventing systemic reactions, identifying target and non-
target organs, and determining retention and excretion times.
There are no clear, universal guidelines for species selection in
nonclinical safety assessments. The Japanese guidelines
recommend that non-clinical regulatory toxicology studies be
conducted in two species (one rodent and one non-rodent) with
proper justification. (Stonerook, 2015., Namdari et al., 2022).
However, the IAEA guideline (2023) suggested

Fig.4: Intravenous administration of radiopharmaceuticals via New
Zealand White Rabbit Ear vein in preclinical testing: A. Rabbit marginal
and central ear vein easily seen in normal condition, B. Simple tap and
alcohol rub for few minutes increase more clear visible ear vein in normal
condition in Rabbit.

radiopharmaceutical evaluation in both sexes in a single
animal species is sufficient, unless the planned indication is
gender-specific.

General toxicology typically utilizes small rodents and
non-rodent species, however, these models are often
restricted in dynamic scanning applications due to limited
blood volume, rapid induction of hypothermia, smaller body
size and poor tolerance to anesthesia (Krinke., 2000).
Comparing multiple tracers in a single animal is difficult,
necessitating the use of more rodent animals across different
groups. Unfortunately, this conflicts with the 3Rs, the reduction
replacement and refinement principle. Additionally, the limited
spatial resolution of PET and SPECT scanners, relative to the
small anatomy of mice and rats, challenges the recognition of
detailed anatomical structures (Stadelmann et al., 2015). As
perthe IAEA, guideline 2021, Hematology, serum biochemistry
test should also include along with biodistribution and
dosimetry studies. Due to the limited blood volume in mice and
rats, sufficient samples cannot be frequently obtained for the
required tests to meetthe guideline.

A non-rodent or larger animal models facilitate in-depth
experimentation and the utilization of human clinical PET
scanners. Due to their substantial body size and blood volume,
these models are ideal for dynamic studies, with prolonged
anesthesia facilitating longitudinal comparisons of multiple
tracers in a single subject (Alstrup et al., 2009). As an
intermediate-sized model, the rabbit offers a superior platform
for radiopharmaceutical evaluation, providing clear
visualization of major organ systems including the brain, heart,
lungs, liver, kidneys, thyroid, and lymph nodes along with
detailed skeletal mapping. Rabbits are a suitable translational
model for nuclear imaging, as PET and SPECT data acquired
with human-equivalent protocols show strong similarity to
human results (Duranthon et al., 2012, Gebhardt et al., 2025,
Sheteetal., 2025).

Considering the current scenario, small rodents have
multiple limitations and translating radiopharmaceutical data
from animals to humans requires careful consideration and
data obtained from rats and mice should be cautiously
interpreted (IAEC, 2023).

To advance radiopharmaceutical evaluation, we must
incorporate non-rodent models like rabbits, ferrets, and dogs.
Rabbits are particularly advantageous, offering a superior
balance of technical feasibility, manageable laboratory
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Fig.5: Different Animal Species Utilized for Radiopharmaceutical Development in non-clinical testing in Radiation Medicine centre Animal House Facility,
Parel. A. BALB/c mice, B. Wistar Rats, C. NewZealand White Rabbit, D. C57Bl/6 mice, E. Nude mice, F. Severe Combined Immunodeficiency(SCID) mice.

housing, and straightforward experimental handling of
radioactive agents. These large animal models bridge the gap
between preclinical studies and human application by
improving model accuracy. Compared to smaller rodents,
rabbits provide superior experimental options, such as
convenient auricular vein access for serial administration and
blood sampling with reduced stress. Performance of different
haematology and biochemistry tests per the international
radiopharmaceutical guidelines, 2023. Their size and
physiology also make them ideal for long-term, anesthetized
imaging and simplified physical dosimetry studies.
Additionally, the use of rabbits enables strict adherence to the
ALARA principle for radioactivity handlers during
radiopharmaceutical injection, imaging, dosimetry as well as
meeting the 3Rs principle as per the (CCSEA, guideline,2018,
Shete etal., 2025).

Evaluation of system

To ensure ethical compliance and high-quality data,
nonclinical testing of radiopharmaceuticals is shifting from
traditional, terminal tissue analysis to advanced, non-invasive
imaging modalities like micro-PET-CT and micro-SPECT-CT.
These technologies allow for longitudinal in-vivo tracking within
the same animal, reducing the total animal count while
enhancing data accuracy. Adapting these methodologies is
essential to refine the current procedures, minimize error and
align with the highest standards of animal welfare (Klein et al.,
2007) (Fig.6).

Dose

The required dose of radiopharmaceuticals varies based
on several factors, including the study application, formulation,
radioisotope half-life, and experimental duration. While human
diagnostic dosages are strictly defined, there are no universally
established guidelines for preclinical animal studies in India.
Generally, intravenous injections for PET-CT or SPECT-CT

imaging in rats and mice range between 100-500 uCi
(microcuries), though some studies report successful imaging
with doses as low as 50 uCi, depending on the isotope, system
sensitivity, and desired image quality. For rabbits,
recommended activity ranges from 3-5 mCi for SPECT-CT and
1-2 mCifor PET-CT (Shete et al., 2024). When imaging rabbits,
higher activity concentrations in smaller organs are preferred
to improve visibility across extended time points for particular
study.

Ethical Consideration and Dosimetry

Accurately predicting human radiation toxicity from small
animal data is still difficult due to significant differences, such
as faster metabolism and higher dose requirements in rodents.
The situation is further complicated by the need for large
animal numbers to accurately trace RP clearance. Given this
scenario, an ideal experimental model must provide, in a single
study, complete data on biodistribution, excretion, and
detailed target and non-target organ kinetics. To improve
ethical standards in preclinical studies, focusing on a few large
animal models rather than hundreds of small rodents is
preferred for studying biodistribution (Kiani et al.,2022, Shete
etal., 2025).

Regulatory Approvals

Pre-clinical studies involving radioactivity in animals
necessitate two key approvals in India, IAEC approval for
animal experimentation (under CPCSEA) and, for radioactive
material usage, licensure of laboratory premises by the AERB.
Researchers must adhere to the ethical guidelines prescribed
in the IAEC proposal, though it is important to note that no fixed
dose limits for radioactive administration in animals are
prescribed in any of the committees. Before granting approval,
the IAEC must rigorously review the scientific justification, the
criticality of using animal models, and the appropriateness of
the chosen species.
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Fig.6: PET-CT Imaging in Mice and Rabbit with Fludeoxyglucose F18(18F-
FDG) radiopharmaceutical comparative analysis: A. Although mice whole-
body imaging showed specific uptake in the hot region, compartmental
analysis was challenging to distinguish, B: Biodistribution imaging in the
rabbit displayed high-intensity uptake in specific regions, enabling
compartmental kinetic modeling across various tissues.

Radioactive waste handling and contamination control

Preclinical studies often generate significant amounts of
solid and liquid radioactive waste. Following standard safety
procedures, the 'delay and decay' method is an effective
solution for managing contaminated surgical instruments,
cotton plugs, absorbent sheets, and dissection materials.
Generation of liquid waste should be strictly minimized or
avoided. The second most important approach to radioactive
waste management is confinement within designated areas.
This will also ensure the restricted access and safe handling.
Minimizing waste volume improves safety and operational
efficiency. To ensure radioactive biomedical safety, the local
Radiation Safety Officer must monitor all waste and disposal is
authorized only upon approval, following standard procedures.

Conclusion

Preclinical animal data is a mandatory requirement by
radiopharmaceutical regulatory authorities for approval of new
radiopharmaceuticals, therefore, animal experiments have
evolved as an essential part of the nonclinical study phase,
However, adherence and commitment to the 3Rs principles
(Replacement, Reduction, and Refinement) must be prioritized
before its approval by the scientific community. Periodic
revision of preclinical radiopharmaceutical guidelines is
essential to adapt to new scientific developments. Preclinical
studies must balance the pursuit of scientific goals with a
rigorous commitment to animal welfare.

References

[1] Shete, Y., Bhatkar, P.N., Bagul, S., Rakshit, S., Baghel, N.S.
and Basu, S., 2024. Use of nuclear medicine imaging for
diagnosis of spontaneous dis-ease conditions in laboratory
animals. Indian Journal OF Veterinary Pathology, 48(4),
pp.364-371.

[2] Turner, P.V., Pekow, C., Vasbinder, M.A. and Brabb, T., 2011.
Administration of substances to laboratory animals:
equipment considerations, vehicle selection, and solute
preparation. Journal of the American Association for
Laboratory Animal Science, 50(5), pp.614-627.

[3] HKorde, A., Mikolajczak, R., Kolenc, P., Bouziotis, P., Westin, H.,

32 &

(4]

(10]

(11]

[12

[13]

(14]

[16]

BARC Newsletter May-June

Lauritzen, M., Koole, M., Herth, M.M., Bardiés, M., Martins,
A.F. and Paulo, A., 2022. Practical considerations for
navigating the regulatory landscape of non-clinical studies
for clinical translation of radiopharmaceuticals. EJNMMI
Radiopharmacy and Chemistry, 7(1), p.18.

Baldrick, P., 2021. Nonclinical safety testing of imaging
agents, contrast agents and radiopharmaceuticals. Journal
of Applied Toxicology, 41(1), pp.95-104.

Andes, D. and Craig, W.A., 2002. Animal model
pharmacokinetics and pharmacodynamics: a critical review.
International journal of antimicrobial agents, 19(4), pp.261-
268.

Namdari, R., Jones, K., Chuang, S.S., Van Cruchten, S.,
Dincer, Z., Downes, N., Mikkelsen, L.F., Harding, J., Jackel, S.,
Jacobsen, B. and Kinyamu-Akunda, J., 2021. Species
selection for nonclinical safety assessment of drug
candidates: Examples of current industry practice.
Regulatory toxicology and pharmacology, 126, p.105029.

Mukherjee, P., Roy, S., Ghosh, D. and Nandi, S.K., 2022. Role
of animal models in biomedical research: a review.
Laboratory animal research, 38(1), p.18.

Mizuo, H. and Mano, Y., 2023. Cross-species comparison in
nonclinical pharmacokinetics of lenvatinib by a simple HPLC
with ultraviolet detection. Scientific Reports, 13(1), p.8349.

CPCSEA, 2018. Committee for the purpose of control and
supervision of experiments on animals (CPCSEA).
Compendium of CPCSEA, 2018.

Shete, Y., Sutapa, R., Swati, S, Nabar, S., Ashok, C., Avik, C.,
Sandip, B., 2025. Utilizing Nuclear Medicine Imaging
Techniques in Preclinical Animal Models to Achieve the “3R”
Concepts. Journal of Laboratory Animal Science, 8(2), pp.
24-33.

Klein, H.J. and Bayne, K.A., 2007. Establishing a culture of
care, conscience, and responsibility: Addressing the
improvement of scientific discovery and animal welfare
through science-based performance standards. ILAR
journal, 48(1), pp.3-11.

Kousholt, B.S., Praestegaard, K.F., Stone, J.C., Thomsen, A.F,,
Johansen, T.T., Ritskes-Hoitinga, M. and Wegener, G., 2023.
Reporting of 3Rs approaches in preclinical animal
experimental studies—a nationwide study. Animals, 13(19),
p.3005.

International Atomic Energy Agency. (2023). Guidance for
Preclinical Studies with Radiopharmaceuticals
(Radioisotopes and Radiopharmaceuticals Series No. 8).
Vienna: IAEA.

Shimizu, S., 2004. Routes of administration. The laboratory
mouse, 1, pp.527-543.

Vines, D.C., Green, D.E., Kudo, G. and Keller, H., 2011.
Evaluation of mouse tail-vein injections both qualitatively
and quantitatively on small-animal PET tail scans. Journal of
Nuclear Medicine Technology, 39(4), pp.264-270

Schiffer, W.K., Mirrione, M.M. and Dewey, S.L., 2007.
Optimizing experimental protocols for quantitative

Issue No. 2026:3



(17]

(18]

[19

[20]

(21]

[26]

[27]

g~ AT b o= va Wrenforeht & Siast agg ==
ENRICHING LIVES WITH MULTI-DIMENSIONAL NUCLEAR S&T

behavioral imaging with 18F-FDG in rodents. Journal of
Nuclear Medicine, 48(2), pp.277-287.

Fueger, B.J., Czernin, J., Hildebrandt, I., Tran, C., Halpern,
B.S., Stout, D., Phelps, M.E. and Weber, W.A., 2006. Impact of
animal handling on the results of 18F-FDG PET studies in
mice. Journal of Nuclear Medicine, 47(6), pp.999-1006.

Clerc, O.F., Fuchs, T.A., Possner, M., Vontobel, J., Mikulicic, F.,
Stehli, J., Liga, R., Benz, D.C., Grani, C., Pazhenkottil, A.P.and
Gaemperli, 0., 2017. Real-time respiratory triggered SPECT
myocardial perfusion imaging using CZT technology: impact
of respiratory phase matching between SPECT and low-dose
CT for attenuation correction. European Heart Journal-
Cardiovascular Imaging, 18(1), pp.31-38.

Nanni, C., Pettinato, C., Ambrosini, V., Spinelli, A., Trespidi, S.,
Rubello, D., AI-Nahhas, A., Franchi, R., Alavi, A. and Fanti, S.,
2007. Retro-orbital injection is an effective route for
radiopharmaceutical administration in mice during small-
animal PET studies. Nuclear medicine communications,
28(7), pp.547-553.

NIH guidelines for research involving recombinant or
synthetic nucleic acid molecules (NIH guidelines) April 2019.

Kim, J.H., Aimuwaqqgat, Z., Hammadah, M., Liu, C., Ko, Y.A,,
Lima, B., Sullivan, S., Alkhoder, A., Abdulbaki, R., Ward, L. and
Bremner, J.D., 2019. Peripheral vasoconstriction during
mental stress and adverse cardiovascular outcomes in
patients with coronary artery disease. Circulation research,
125(10), pp.874-883.

Kiyatkin, E.A., 2021. Functional role of peripheral
vasoconstriction: not only thermoregulation but much more.
Journal of Integrative Neuroscience, 20(3), pp.755-764.

Groman, E.V. and Reinhardt, C.P., 2004. Method to quantify
tail vein injection technique in small animals. Contemporary
Topicsin Laboratory Animal Science, 43(1), pp.35-38.

Shimizu, S., 2004. Routes of administration. The laboratory
mouse, 1, pp.527-543.

Wang, A.N., Fraser, G.M. and McGuire, J.J., 2022.
Characterization of endothelium-dependent relaxation in the
saphenous artery and its caudal branches in young and old
adult Sprague Dawley rats. Biomolecules, 12(7), p.889.

Alstrup, A.K.O., Jensen, S.B., Nielsen, O.L., Jgdal, L. and
Afzelius, P., 2021. Preclinical testing of
radiopharmaceuticals for the detection and characterization
of osteomyelitis: experiences from a porcine model.
Molecules, 26(14), p.4221.

Fowler, J.S., Ding, Y.S., Logan, J., MacGregor, R.R., Shea, C.,
Garza, V., Gimi, R., Volkow, N.D., Wang, G.J., Schlyer, D. and
Ferrieri, R., 2001. Species differences in [11C] clorgyline
binding in brain. Nuclear medicine and biology, 28(7),
pp.779-785.

33 % BARC Newsletter May-June &

(28]

[29]

[30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

Lambrecht, R.M., 2012. Biological models in
radiopharmaceutical development (Vol. 27). Springer
Science & Business Media.

Kuntner, C., Wanek, T., Hoffer, M., Dangl, D., Hornof, M.,
Kvaternik, H. and Langer, O., 2011. Radiosynthesis and
assessment of ocular pharmacokinetics of 124l-labeled
chitosan in rabbits using small-animal PET. Molecular
Imaging and Biology, 13(2), pp.222-226.

Maitz, C.A. and Bryan, J.N., 2024. The role of companion
animal models in radiopharmaceutical development and
translation. Veterinary and Comparative Oncology, 22(2),
pp.165-173.

Stonerook, M., 2015. ICH S7A. Principles of Safety
Pharmacology, 229, p.131.

Radioisotopes, I.A.E.A. and Series, R., 2021. Guidance for
preclinical studies with radiopharmaceuticals. International
Atomic Energy Agency: Vienna, Austria, 8.

Krinke, G.J. (Ed.) The Laboratory Rat; Academic Press:
London, UK, 2000.

Stadelmann, V.A., Potapova, I., Camenisch, K., Nehrbass, D.,
Richards, R.G. and Moriarty, T.F.,, 2015. In vivo MicroCT
monitoring of osteomyelitis in a rat model. BioMed research
international, 2015(1), p.587857.

Alstrup, A.K.O. and Winterdahl, M., 2009. Imaging
techniques in large animals. Scandinavian Journal of
Laboratory Animal Science, 36(1), pp.55-66.

Duranthon, V., Beaujean, N., Brunner, M., Odening, K.E.,
Santos, A.N., Kacskovics, I., Hiripi, L., Weinstein, E.J. and
Bosze, Z., 2012. On the emerging role of rabbit as human
disease model and the instrumental role of novel transgenic
tools. Transgenic research, 21(4), pp.699-713.

Gebhardt, P., Lavin, B., Phinikaridou, A., MacKewn, J.,
Henningsson, M., Schug, D., Salomon, A., Marsden, P.K,,
Schulz, V. and Botnar, R.M., 2025. Initial results of the
Hyperion Il D PET insert for simultaneous PET-MRI applied to
atherosclerotic plague imaging in New-Zealand white
rabbits. Physics in Medicine & Biology, 70(4), p.045017.

Kiani, A.K., Pheby, D., Henehan, G., Brown, R., Sieving, P.,
Sykora, P., Marks, R., Falsini, B., Capodicasa, N., Miertus, S.
and Lorusso, L., 2022. Ethical considerations regarding
animal experimentation. Journal of preventive medicine and
hygiene, 63(2 Suppl 3), p.E255.

7~ lssue No. 2026:3



g~ AT b o= va Wrenforeht & Siast agg ==

dq Fleige! et & UshHUT g TR WRI-EH™
o . o
aTe (ARG woTlelt o faere

i TR 3R Ferda g
TeTd IS T, 1T URATY] STHEE &, e, Ya8-400085, TRA

.2
s

R

meﬁmmﬁaﬁ%m%m@wﬁ quTa: T
R e AEET (SITPeE) S ReRd B T 1 0.1m” 8k dieer/qeEes-
SR TrTer o W ATe FRIG & & a9 10 kDa Uieiig aRaehi= @Rae-ag feieel Afeqe &
o, WWWWWQ@%&%WW%4 Laraaiea
mﬁ%%@%mw 10. 2an%aﬂﬂ@=raaﬁm JOett 9 500 mL T 1S THT TIa &t
FH BT bl | 15 bl H, 51 2 erfhed e o arafey Na ' 3 Cl st i ger e, Star fh
TS THY TR TTeTehdl T4 Uard- %ﬁaﬁﬁﬁwﬁﬁﬁqﬁ??%lﬁwéﬁr -gere
FEFTRICT 7€ 61 &Rl TG 057 (1999%) ey 35 fo Ueh Sahetaret 311X G TaI01 3 STehel WIethiv &1 Mg fRid ahidl

TUTel} &) 1.9, 37, &g gRT S@-aeiae faar mar

o

Development of an Indigenous Tangential Flow
Filtration System for the Processing of Dilute
Colloidal Suspensions

Meenu Prasher™, Kulwant Singh*
*Materials Science Division, Bhabha Atomic Research Centre, Trombay, Mumbai-400085, INDIA

ABSTRACT

An indigenous, fully automated tangential flow filtration (TFF) system was developed for the
efficient downstream concentration and purification of dilute colloidal suspensions. Equipped
with a 10 kDa polyethersulfone hollow-fibore membrane module with an effective filtration area
of 0.1m’ and PLC/HMI-based automation, the platform was used to process 4L of a laboratory
synthesized aluminosilicate nanoparticle suspension. At a transmembrane pressure of 0.2 bar,
the system achieved an eight fold volume reduction to 500mL. Subsequent diafiltration over 15
cycles removed residual Na" and CI” ions, as confirmed by the decrease in real-time permeate
conductivity and X-ray diffraction analysis. These results demonstrate a scalable and eco-
friendly platform for nanomaterial processing.

Indigenously developed laboratory

scale TFF system KEYWORDS: Tangential flow filtration, Colloidal suspension, Hollow-fibre
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Introduction

Advanced inorganic nanomaterials play an increasingly
important role in clean energy, environ mental remediation,
catalysis, and biomedical technologies [1-3]. Many of these
materials are synthesized as dilute colloidal suspensions,
making efficient concentration and purification essential for
obtaining high-quality products and enabling their large-scale
utilization. To address this technological challenge, we
designed an indigenous Tangential Flow Filtration (TFF) system
for the fully automated post-synthesis processing of dilute
colloidal suspensions. The integrated platform combines
concentration and constant-volume diafiltration with
automated process monitoring and control, providing an
efficientand scalable processing.

Unlike conventional purification techniques such as
sedimentation, dead-end filtration, and dialysis, TFF employs
continuous tangential flow across the membrane surface,
minimizing membrane fouling while enabling rapid removal of
dissolved impurities and concentration of the product. TFF is
well established in biopharmaceutical processing [4,5] and
protein purification [6]. By extending it to advanced inorganic
nanomaterials [7], the developed TFF setup provides a
completely indigenous energy-efficient, eco-friendly, and
resource-conserving separation strategy for dilute inorganic
colloidal suspensions with high processing rates, reduced
water consumption, and chemical-free operation, aligned with
India's vision for sustainable materials development.

In this work, we demonstrate the performance of the
indigenously designed, fully automated TFF system using a
laboratory-synthesized colloidal suspension of aluminosilicate
nanoparticles. The system achieved rapid volumetric
concentration, effective removal of residual synthesis salts
(Na" and CI"), and recovery of high-purity nanoparticles,
demonstrating the its potential as a scalable downstream
processing foradvanced nanomaterials.

Experimental Set-Up

An indigenous integrated Tangential Flow Filtration
system was designed and commissioned for the concentration
and purification of dilute colloidal suspensions. The major
components of the set-up are:

eoFeed/Retentate Reservoir: A 5L stainless-steel reservoir serves
as the unified feed and retentate vessel for continuous
suspension recirculation. It is directly mounted on a precision
digital load cell (1 g resolution) to obtain real-time mass
measurements and volumetric feedback during the
concentration and diafiltration.

eRecirculation & Buffer Pumps: The suspension is circulated
through the main feed line using a variable-speed peristaltic
pump fitted with low-shear silicone tubing. A secondary
peristaltic pump is also integrated into the fluid circuit to add
bufferto the retentate vessel during diafiltration cycles.

eMembrane Module: The membrane-based separation is
achieved using a polyethersulfone (PES) hollow-fibre
membrane module with a molecular-weight cut-off (MWCO) of
10 kDa. The module has a total effective filtration area of
0.1m2.

ePressure Control & Temperature Monitoring: The operating
transmembrane pressure (TMP) is regulated using a stainless-
steel needle backpressure valve installed downstream of the
retentate outlet. The permeate line is kept completely open
(Poermeae = O bar) to allow atmospheric discharge during
filtration. An inline temperature indicator is installed on the
retentate return line to monitor fluid heating during continuous
recirculation.

oPressure Transducers: Digital piezoresistive pressure sensors
are positioned at the feed inlet (P..,) and retentate outlet
(Pretentare) 10 coONntinuously monitor hydraulic pressure and
calculate TMP according to the equation below:

(Precs + Pretentare)

Permeate
collection

e P e 1
TMP - 2 permeate ( )
(@) (b)
Di diafiltration
Diafiltration buffer
Concentration cyde
3
Feed/retentate |Feed (F) Hollow-fibre Retentate
reservoir membrane module valve
R R
Permeate (P}

Fig.1: (a) Process-flow schematic of the TFF system showing the feed/retentate reservoir, recirculation pump, hollow-fibre membrane module, retentate
cycle, permeate collection, and buffer addition for diafiltration, (b) Photograph of the indigenously developed laboratory scale TFF system with its
feed/retentate reservoir, pumps, membrane module, pressure monitoring instruments, and HMI-based control panel.
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(c) Concentrations of residual Na“ and CI” in the initial feed and the post-diafiltration retentate, demonstrating substantial removalof soluble ionic

impurities.

elnline Analytical Probes: A conductivity cell is inserted directly
into the feed tank to continuously track ionic strength and
impurity washoutin real time.

oHMI/PLC Control System: A programmable logic controller (PLC)
interfaced with a touch screen human-machine interface
(HMI) automates recirculation pumpcontrol, discontinuous
diafiltration buffer addition, conductivity monitoring, and high-
pressure safety alarm.

Fig.1(a) depicts the schematic flow paths and operating
modes of our TFF assembly, while Fig.1(b) shows the actual
system equipped with a 10 kDa hollow-fibre membrane
module. During concentration, the feed pump circulates
colloidal suspension from the feed/retentate reservoir and
delivers it through the feed line (F) to the membrane module.
At a given transmembrane pressure (TMP), the the solventand
low-molecular-weight impurities are forced through the
membrane pores into the permeate (P) stream, while the
retained nanoparticles pass through the retentate (R) line and
recirculated to the reservoir. In the set-up, diafiltration is

operated in a discontinuous mode. During the diafiltration
(purification) stage, buffer pump adds a volume of fresh buffer
equal to the retentate volume (V), to make total volume 2V. The
feed pump then concentrates the volume to remove permeate
until the suspension returned to its baseline volume V, thereby
completing one diafiltration cycle (1 DV). This sequence is
repeated in an auto mode for N cycles, till the desired
purification level is achieved.

Experimental Results

To demonstrate the purification efficiency of the
developed TFF system, an inorganic aluminosilicate colloidal
suspension synthesized in laboratory and used as the model
feed. The as-synthesized opalescent suspension (pH = 3.0),
hereafter referred to as the Feed, (shown in Fig.2(a)), is a stable
colloidal suspension with zeta potential of +42 mV. During TFF
process, the feed volume of 4 L is first concentrated to 500 mL
(volume concentration factor = 8) and then 15 discontinuous
diafiltration cycles were performed at TMP = 0.2 bar. This
concentrated and diafiltred retentate upon freeze-drying yields

(a)

600

—®— Permeate conductivity

500 - '\,\
U:s)- 4004
= |
S aoq
i3] \
3
g 200 .\
O

100 .\‘

@,
el o O S 0G ggy.
0 4 5] 8 10 12 14 16
Diafiltration cycle no.

(b)
16000 | As-Synthesized
| Post-diafiltration
14000 4 ¢
‘ * peaks from residual salts
12000}
g 1
S o000 |
<3 v
(6]

8000 !
6000 !

4000
:

2000 .

20 (Degrees), Cu-Ka

Fig.3:. (a) Variation in permeateconductivity with diafiltration cycle number, showing the progressive removal of dissolved ionic species, (b) Powder XRD
patterns of the as-synthesized and post-diafiltration retentate (powder samples obtained after freeze-drying the suspensions). The disappearance of
sharp reflections associated with residual salt phases (indicated by asterisk (*)) in the post-diafiltered sample indicates high purity final product.
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final white, fluffy, cotton-like material (Fig.2(b)), with mass con
centration of nearly 1 gL™. Fig.2(c) compares the residual Na'
and CI" concentrations in the initial feed and final retentate,
demonstrating near-complete removal of these ionic species.
As shown in Fig.3(a), the rapid decrease in the permeate
conductivity up to first 8 diafiltration cycles and subsequent
saturation, confirming the rapid removal of soluble ionic
species. Fig.3(b) shows the comparison between the powder
X-ray diffraction (XRD) patterns of freeze-dried samples
obtained from the concentrated feed before diafiltration and
from the final retentate after 15 diafiltration cycles.
Disappearance of the sharp reflections associated with
residual salt phases after diafiltration and enhanced broad
reflections from the purified product validates the successful
purification step.

Conclusion

An indigenous, fully automated Tangential Flow Filtration
system was successfully designed, developed and
commissioned for the scalable concentration and purification
of dilute colloidal sus pensions. During batch processing of an
aluminosilicate nanoparticle suspension, the feed volume was
successfully concentrated eightfold from 4 L to 500 mL, with
near-complete removal of residual Na" and CI” ions over 15
diafiltration cycles. The PLC/HMI-based control system
enabled precise, real-time monitoring of process hydraulics
and impurity washout. Through this work, a robustand modular
indigenous platform for the high-purity downstream processing
of advanced functional nanomaterials at larger operational
scalesis established.
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Thyroid Screening Among Young Women
Public Health Impact of a Sustained Nuclear Medicine-Led Program

Chandrakala Gholve, Smita Gawandi, Nawab Singh Baghel

Radiation Medicine Centre, Bhabha Atomic Research Centre (BARC), Mumbai-400012, INDIA

in India, with hypothyroidism and subclinical hypothyroidism

occurring more frequently than in many Western countries,
emphasizing the need for early detection and preventive screening
strategies among vulnerable populations such as young women.
This study aimed to evaluate the feasibility and impact of thyroid
screening camps conducted as part of a Nuclear Medicine
outreach initiative for young adult females. Screening camps were
organized at educational institutions and community centres
involving participants aged 18-25 years. After informed consent,
demographic details, clinical history, and symptoms suggestive of
thyroid dysfunction were documented. Blood samples were
collected for biochemical investigations including thyroid-

Thyroid disorders represent a major endocrine health concern

stimulating hormone (TSH), thyroxine (T4), anti-thyroid peroxidase
antibodies (anti-TPQ), vitamin D, vitamin B12, and other relevant
parameters where applicable. Participants also received
counseling regarding thyroid health, nutrition, lifestyle factors, and
the importance of early diagnosis. Individuals with abnormal
findings were referred for further medical evaluation and
management. The initiative improved awareness regarding thyroid
disorders and enabled identification of previously undetected
thyroid dysfunction and associated biochemical abnormalities.
Community-based thyroid screening programs may serve as an
effective strategy for awareness generation, early diagnosis,
referral, and future epidemiological and translational research
activities.
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Introduction

Thyroid disorders are among the most common
endocrine diseases worldwide and represent a major public
health concern in India. Epidemiological studies have reported
a comparatively higher prevalence of hypothyroidism and
subclinical hypothyroidism in the Indian population than in
many Western countries. In India, the prevalence of
hypothyroidism and subclinical hypothyroidism has been
estimated to be approximately 10.95% and 8.02%,
respectively, while lower prevalence rates have generally been
reported in the United States and Europe [1,2].
Hyperthyroidism and subclinical hyperthyroidism, although
less common, also contribute significantly to endocrine
morbidity. The increasing burden of thyroid dysfunction in India
highlights the need for greater awareness, early diagnosis, and
community-based screening initiatives, particularly among
vulnerable populations such as young women [1].

Young women between 18 and 25 years of age
represent a particularly vulnerable group because this period
is associated with important hormonal, metabolic, and
reproductive transitions. In addition, nutritional deficiencies
and limited healthcare accessibility continue to contribute to
thyroid dysfunction in several rural and semi-urban regions of
Maharashtra despite nationwide iodization programs. Many
thyroid abnormalities during early adulthood remain
undiagnosed because symptoms such as fatigue, weight
fluctuations, menstrual irregularities, anxiety, hair loss, and
poor concentration are often nonspecific and attributed to
lifestyle-related stress [3].

The consequences of undetected thyroid dysfunction
extend beyond individual health. Hypothyroidism and
autoimmune thyroid disease may adversely affect fertility,
pregnancy outcomes, fetal neurodevelopment, and long-term
metabolic health. Early identification and timely intervention
are therefore important not only for improving quality of life but
also forsafeguarding future maternal and child health [4].

Recognizing this public health need, the “Thyroid
Disorders and Immunoassay Development” (TDID) Section at
Radiation Medicine Centre (RMC) has initiated thyroid
screening and awareness camps targeting young women in
educational institutions and underserved communities. These
outreach activities integrate the scientific strengths of nuclear
medicine with preventive healthcare strategies, thereby
transforming laboratory expertise into direct societal benefit
[Fig.1].

Fig.1: Blood collection team during the "Thyroid Screening Camp".
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Thyroid Disorders Among Young Women: A Growing
Public Health Concern

Thyroid disorders disproportionately affect women,
with studies from India reporting a significantly higher
prevalence among females compared to males.
Hypothyroidism, subclinical hypothyroidism, autoimmune
thyroiditis, and iodine deficiency-related goiter are increasingly
being detected in adolescents and young adults. Several
Indian campus-based studies have reported thyroid
dysfunction rates ranging from 7% to 13% among apparently
healthy young women, indicating that a substantial proportion
of cases remain clinically silent [5].

The vulnerability of young women arises from multiple
interacting factors. Nutritional deficiencies such as inadequate
iodine, iron, selenium, vitamin D, and vitamin B12 intake may
impair thyroid hormone synthesis and metabolism. Hormonal
fluctuations associated with puberty, menstrual cycles, and
reproductive maturation further influence thyroid physiology.
In rural settings, poor awareness regarding thyroid symptoms,
delayed healthcare access, and financial constraints
contribute to underdiagnosis [6].

Subclinical hypothyroidism deserves particular
attention because affected individuals may appear healthy
despite biochemical abnormalities. If left untreated, these
conditions can gradually progress to overt hypothyroidism and
contribute to obesity, dyslipidemia, menstrual disturbances,
infertility, polycystic ovarian syndrome (PCOS), depression, and
cardiovascular complications. Importantly, thyroid dysfunction
during pregnancy is associated with miscarriage, preterm
delivery, low birth weight, and impaired cognitive development
inchildren[7].

These concerns highlight the urgent need for early
screening programs specifically designed for young women
before the onset of pregnancy and major reproductive
complications.

Nuclear Medicine and the Role of Radioimmunoassay
in Thyroid Diagnostics

Nuclear medicine has played a transformative role in
thyroid disease diagnosis and management for several
decades. Among its most significant contributions is the
development of highly sensitive immunoassay techniques
such as Radioimmunoassay (RIA) and Immunoradiometric
Assay (IRMA), which enable precise quantification of thyroid
hormones and related biomarkers [Fig.2].

The RIA Services of TDID Section at RMC routinely
performs RIA and IRMA-based investigations for thyroid
hormones, autoimmune markers and tumor marker including,
thyroxine (T4), thyroid-stimulating hormone (TSH), free
thyroxine (FT4), anti-thyroid peroxidase antibodies (anti-TPO)
and thyroglobulin (Tg) [8, 9, 10, 11]. These assays are
particularly valuable for detecting early and subclinical thyroid
dysfunction, where hormone changes may be subtle and
difficult to identify through conventional screening
approaches.

RIA-based methodologies offer several advantages in
resource-limited settings:

o High analytical sensitivity and specificity
. Reliable detection of low hormone concentrations
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Fig.2: Role of radioimmunoassay in thyroid diagnostics.

o Cost-effective large-scale population screening
. Standardized performance for epidemiological studies
o Suitability forautoimmune thyroid disease assessment

The department has also contributed to indigenous
kit development, reducing dependency on imported diagnostic
systems while promoting self-reliance in nuclear medicine
technology [10, 11]. Research activities within the laboratory
include studies on thyroid autoimmunity, iodine metabolism,
biomarker development, thyroid cancer monitoring, and
genetic factors influencing thyroid disorders [12].

Collaborations with Academic Institutions

Through collaborations with academic institutions
such as Department of Foods and Nutrition, The Maharaja
Sayajirao University of Baroda, India [13, 14]; Department of
Food Science and Nutrition, SNDT University, Mumbai [12],
Guru Nanak College of Arts, Science & Commerce
(Autonomous) and Guru Nanak Institute of Management
Studies, Mumbai [Fig.3]; the department has extended its
expertise beyond laboratory diagnostics into public health
outreach and awareness generation. To date, we have
successfully collected approximately 300 samples through

%0

Fig.3a: College student volunteers providing blood samples during the
"Thyroid Screening Camp”
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these screening camps, with a target enrolment of nearly 1000
participants.

Design and Implementation of Thyroid Screening
Camps

The thyroid screening initiative was conceptualized as
a community-oriented preventive healthcare program aimed at
identifying hidden thyroid dysfunction among young women.
The outreach strategy combines biochemical screening, health
education, nutritional awareness, and epidemiological
research within a single integrated framework.

Target Population

The thyroid screening camp primarily focusses on
asymptomatic young women without a prior diagnosis of
thyroid disease or other major systemic disorders, aged 18-25
years, studying in colleges and universities, as well as young
women residing in rural Maharashtra. This age group was
selected because thyroid disorders during early adulthood
often remain asymptomatic yet significantly influence future
reproductive and metabolic health.

Screening Protocol

The core screening investigation includes serum TSH
estimation using sensitive RIA-based assays. Individuals with
abnormal TSH values, particularly those exceeding the
predefined cutoff levels (>5.2 IU/mL), are advised further
evaluation using:

. Free thyroxine (Ft4)
. Total T4
o Anti-TPO antibodies

To provide a more holistic health assessment, additional
biochemical investigations may include:

. Vitamins: Vitamin B12, Vitamin B9 (Folate), Vitamin D

. Fertility hormones: Estradiol, FSH, LH, Progesterone,

Prolactin
Biochemical tests: Blood Glucose (HbA1C), Complete
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Blood Count (CBC), Kidney Function Tests (KFT), Lipid
Profile, Liver Function Tests (LFT), Serum Calcium.

This integrated approach helps identify metabolic
and nutritional factors commonly associated with thyroid
dysfunction.

Awareness and Educational Activities

Each camp incorporates educational sessions
conducted by senior scientists, clinicians, and technical
experts from RMC. These sessions typically include:

d Basic thyroid gland physiology

o Common symptoms of thyroid disorders

. Importance of iodine nutrition

. Lifestyle and dietary guidance

. Reproductive implications of thyroid dysfunction

. Role of nuclear medicine in diagnosis and monitoring

Such educational interventions help dispel myths
associated with thyroid disorders and encourage timely
medical consultation.

Ethical and Research Components

All screening activities are conducted in accordance
with Institutional Ethics Committee guidelines following
appropriate informed consent procedures. Participants
identified with abnormal clinical or biochemical findings are
referred for further medical evaluation and management.
Blood samples collected during the screening camps may also
be preserved for future research studies investigating genetic
polymorphisms and molecular biomarkers associated with
thyroid disorders. These may include analysis of deiodinase
gene variants, particularly DIO2 Thr92Ala polymorphisms,
which are involved in the peripheral conversion of thyroxine
(T4) to the biologically active hormone triiodothyronine (T3).
Alterations in DIO2 Thr92Ala activity have been implicated in
thyroid hormone homeostasis, susceptibility to

Fig.3b: College student volunteers providing blood samples during the
"Thyroid Screening Camp”
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hypothyroidism, metabolic dysfunction, impaired response to
levothyroxine therapy, and inter-individual variability in thyroid
hormone metabolism [15].

Societal Impact of Nuclear Medicine Outreach

The thyroid screening initiative demonstrates how
nuclear medicine can directly contribute to preventive
healthcare and community welfare. Traditionally perceived as
a highly specialized hospital-based discipline, nuclear
medicine is increasingly expanding its role into public health,
awareness generation, and early disease detection.

Early Diagnosis and Prevention

One of the most significant impacts of the program is
the identification of asymptomatic and subclinical thyroid
disorders before the development of major complications.
Early diagnosis allows timely initiation of treatment and
lifestyle modifications, thereby preventing long-term endocrine
and reproductive consequences.

Empowerment Through Awareness

The educational component of the camps empowers
young women to recognize symptoms, seek medical advice,
and understand the importance of nutritional health.
Increased awareness also helps reduce stigma and
misconceptions surrounding hormonal disorders and
reproductive health issues.

Strengthening Public Health Data

The screening initiative provides valuable
epidemiological data on thyroid disorders, nutritional
deficiencies, and autoimmune markers among young Indian
women aged 18-25 years. Such data are important for
understanding regional disease patterns, identifying
vulnerable populations, and estimating the burden of
undiagnosed thyroid dysfunction in the community. The
findings may support the development of targeted screening
strategies, improve healthcare resource allocation, guide
preventive health programs, and contribute to evidence-based
public health policies aimed at improving long-term endocrine
and reproductive health outcomes.

Promoting Indigenous Diagnostic Capability

The use of indigenous technologies (RIA/IRMA)
developed within the department highlights the importance of
self-reliance in medical diagnostics. Affordable, locally
developed assays enable large-scale screening while reducing
dependence on imported technologies, thereby aligning with
national healthcare and scientific development goals.

Bridging Laboratory Science and Community
Healthcare

The program exemplifies translational healthcare,
where advanced laboratory technologies are directly utilized
for societal benefit. By extending diagnostic expertise into
educational institutions and rural communities, the
department has successfully bridged the gap between
scientific research and real-world healthcare needs.

Integrating Thyroid Screening with Broader Women's
Health

An important strength of the initiative is its
multidisciplinary and holistic approach. Thyroid dysfunction
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Fig.3c: College student volunteers providing blood samples during the
"Thyroid Screening Camp”

rarely exists in isolation and is often associated with
nutritional, metabolic, and reproductive abnormalities.
Therefore, the camps incorporate broader health assessments
to provide comprehensive preventive care.

Nutritional Deficiencies and Thyroid Function

Deficiencies of iron, selenium, vitamin D, and vitamin
B12 are increasingly recognized as contributors to thyroid
dysfunction and autoimmune thyroiditis. Assessing these
parameters alongside thyroid hormone levels allows better
understanding of disease patterns and facilitates targeted
nutritional counseling.

Reproductive and Metabolic Health

Thyroid disorders significantly affect menstrual
regularity, ovulation, fertility, and pregnancy outcomes. By
integrating reproductive hormone evaluation and metabolic
profiling, the camps help identify young women at risk for
PCOS, infertility, obesity, and metabolic syndrome.

Mental and Academic Well-being

Undiagnosed hypothyroidism may contribute to
fatigue, impaired concentration, mood disturbances, and
reduced academic performance among students. Early
identification and treatment may therefore positively influence
psychological well-being and educational productivity.

Operational Challenges and Future Opportunities

Despite its promising outcomes, large-scale thyroid
screening in rural and semi-urban regions presents several
logistical and social challenges:

. Limited healthcare infrastructure in remote areas

. Transportation and sample handling difficulties

. Inadequate public awareness regarding thyroid disorders
. Fearand stigma associated with hormonal diseases

o Financial and manpower constraints for repeated
outreach programs

However, the department's infrastructure, including
gamma counters, trained technical personnel, and
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established immunoassay laboratories, enables efficient
processing of large sample volumes. Mobile outreach models
and collaborations with colleges, public health centers, and
community organizations further strengthen implementation
capacity.

Future Directions

The department aims to significantly expand the
screeninginitiative over the coming years through:

. Collaboration with primary healthcare centers

. World Thyroid Day awareness campaigns

o Integration with women's health programs

i Development of regional thyroid health databases
. Genetic and molecular epidemiological studies

By 2027, the initiative aims to screen about 1000
young women while generating valuable data to guide future
preventive strategies and policy recommendations.

Conclusion

The thyroid screening and awareness initiative
undertaken by RMC represents an important example of how
nuclear medicine can extend beyond hospital-based
diagnostics into meaningful community healthcare outreach.
Through the application of sensitive RIA and IRMA
technologies, preventive screening strategies, and educational
programs, the initiative addresses a significant yet often
underrecognized health concernamongyoung women.

The program has demonstrated the feasibility and
effectiveness of conducting community-based endocrine
health screening, facilitating the early identification of
previously undiagnosed thyroid dysfunction and associated
biochemical abnormalities while simultaneously improving
awareness regarding thyroid health, nutrition, reproductive
well-being, and preventive healthcare practices.

The encouraging participation observed during the
screening camps reflects the growing acceptance and need for
such outreach initiatives. Furthermore, the integration of
indigenous diagnostic technologies with epidemiological and
translational research provides valuable opportunities for
future investigations involving molecular biomarkers and
genetic susceptibility factors associated with thyroid disorders.
By transforming scientific expertise into accessible healthcare
services, the initiative contributes toward healthier future
generations, improved maternal and child health, and greater
public awareness of endocrine disorders. Overall, this
outreach effort highlights the peaceful and humanitarian
applications of nuclear science and its significant potential to
improve public health and community well-being.
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odern health care is moving towards precision

through significant development of theranostic

radiopharmaceuticals for cancer diagnosis and
therapy. Nuclear medicine stands out distinctly due to its ability
to provide precise functional and physiological details
regarding a disease like cancer. This significant benchmark is
not possible without the substantial contribution of nuclear
sciences. It is a field where the gift of nuclear technology is
translated into medical tools for imaging and targeted
treatment at the molecular level. At the Radiation Medicine
Centre, BARC, an amalgamation of basic nuclear sciences and
clinical nuclear medicine, is enabling precision cancer care
with the help of receptor-targeted radiopharmaceuticals

(Fig.1).

Diseased cells, especially cancer cells, overexpress
receptors that can act as molecular targets. The receptor-
targeted radiopharmaceuticals are specifically designed for
binding to these selective targets at the molecular level. The
highly sensitive molecularimaging, like PET/CT and SPECT/CT,
can be performed when these targeting molecules are labeled
with suitable radioisotopes like [a] Gallium-68 (*Ga) &
Fluorine-18 (*°F) for PET, and [b] Technetium-99m (*"Tc) &
Indium-111(**In) for SPECT. Additionally, same molecular
target when radiolabelled with radionuclide like Lutetium-177
(*"Lu) (beta emitter) & Actinium-225 (**Ac) (Alpha emitter) can
deliver therapeutic effect to tumor sites. This approach of
clinical diagnosis, treatment, and monitoring of diseases using
related radio pharmaceuticals enables personalized patient
managementand is popularly known as theranostics (Fig.2).

Somatostatin Receptor Radionuclide Therapy (PRRT)
for the Treatment of Neuroendocrine Tumors

Peptide receptor radionuclide therapy (PRRT) for the
treatment of neuroendocrine tumors (NET) is one of the
significant benchmarks in receptor targeted theranostics. In
this strategy, the somatostatin receptor expression can be
visualized through PET/SPECT by radiolabeling somatostatin
analog peptide, and this information can be used to plan
targeted therapy using therapeutic radionuclides like
Lutetium-177 (beta emitter), Actinium-225 (Alpha emitter).

PRRT delivers radiation selectively to tumor cells, thereby
minimizing exposure to the surrounding healthy cells. The
radionuclide selection can be done according to the tumor size,
and disease status.

A large number of patients with advanced or metastatic
neuroendocrine tumors have significantly benefitted from
PRRT at the Radiation Medicine Centre (RMC), utilizing both
indigenous and imported *’Lu and **Ac. More than 10,000
successful PRRTs have been administered at the Centre over
last 16 years and is committed to serving many more in the
future (Fig.3).

PSMA targeted Radioligand Therapy (PRLT) in
Metastatic Castrate Resistant Prostate Cancer

PRRT paved the path for prostate-specific membrane
antigen (PSMA)-targeted theranostics, which improved
prostate cancer management at the RMC significantly. The
prostrate specific membrane antigen (PSMA) is overexpressed
in prostate cancer. Radiopharmaceutical targeting PSMA
enables PET imaging for the spread of disease and targeted
therapy for advanced metastatic prostate cancer patient

(Fig.4).

Fig.1: Translation of Nuclear science & technology to Clinical Nuclear
Medicine showing the pathway from radioisotope production to
patient care.
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Fig.2: Diagrammatic representation of principle of receptor-targeted theranostics illustrating molecular targeting with radiolabelled ligands for

imaging and therapy.
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Fig.3: Somatostatin receptor based **Ga-DOTA-TATE PET and targeted
PRRT in a patient of metastatic neuroendocrine tumor showing
excellent response to PRRT. The “Lu-DOTATATE post-treatment
planar gamma camera image (right column) showing intense uptake
oftherapeutic dose in tumour tissue.

FAPI-targeted Radioligand Therapy

Currently, fibroblast activation protein inhibitors (FAPI)
based radio pharmaceuticals are proving to be promising
agents targeting cancer-associated fibroblasts in the tumor
microenvironment. FAPl-based radiopharmaceuticals
represent an expanding frontier in nuclear medicine
theranostics by targeting a wide range of tumor type (Fig.5).

Image-based Dosimetry in Nuclear Medicine
Theranostics

Advanced imaging systems and quantitative techniques
that support diagnosis and therapy planning are strong pillars
of modern nuclear medicine. They play a crucial role in
molecular imaging and therapy undertaken by the state-of-art
imaging facility such as PET/CT and SPECT/CT with receptors
targeted radiopharmaceuticals.
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Fig.4: PSMA PET imaging demonstrating metastatic prostate cancer,
enabling targeted radionuclide therapy with “"Lu-PSMA-617 and
showing excellent treatment response in a patient of Metastatic
Castrate Resistant Prostate Carcinoma.

In addition to the sensitive detection of disease with
radiopharmaceutical distribution and post-radionuclide
therapy evaluation, the personalized treatment planning with
improved safety and effectiveness of the radionuclide therapy
is achieved by dosimetric studies. Dosimetry enables radiation
dose estimation to the tumor lesions and normal organs
(Fig.6).

A true interdisciplinary effort has led to the development
and clinical translation of receptor-targeted theranostics.
Multiple diverse domains of nuclear sciences and biomedical
research have contributed to this success, beginning with the
production of medical radioisotopes using nuclear technology,
and the design of receptor-targeted molecules is achieved by
advanced molecular labeling and radiopharmaceutical
chemistry. Once designed, they are synthesized and
subsequently labeled in specialized hospital radiopharmacy.
The clinical translation of these radiopharmaceuticals is done
through molecular imaging and targeted radionuclide therapy
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L

Fig.5: ®Ga-FAPI-4 PET imaging showing uptake by the cancer-
associated fibroblasts within the tumor microenvironment.

in Nuclear Medicine. The Radiation Medicine Centre stands
out uniquely by integrating nuclear physics, chemistry, biology,
and clinical medicine, and thereby contributing to advancing
precision health care.

The Radiation Medicine Centre, with its pioneering and
high-volume extensive clinical and theranostic services to
patients with neuroendocrine tumors and prostate cancer by
means of PRRT and PSMA-based PRLT respectively,
continuously strives to contribute significantly to the
development of receptor based National level Theranostics in
Nuclear medicine. Exploring emerging tracers such as FAPI is
an advanced step towards this end. Such efforts significantly
improve the quality of life of many cancer patients of the
country.
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Simple Cuvette-Based Fluorescence Readout

for Trace Thorium(lV) Using an AIE Sensor
Water-Soluble Fluorescence Sensor for Thorium

Madhusudan Ghosh® Sachin S. Kadlag™ Kallola K. Swain™ Prabhat K. Singh"*
°Analytical Chemistry Division, Bhabha Atomic Research Centre, Mumbai 400085, India

*Homi Bhabha National Institute, Anushaktinagar, Mumbai 400094, India

°‘Radiation & Photochemistry Division, Bhabha Atomic Research Centre, Mumbai 400085, India

horium (Th) is a naturally occurring element of
strategic relevance to India's nuclear energy
programme, therefore, accurate Th(lV) detection in
water underpins radiation surveillance,
environmental stewardship, public health
assurance, and the safe, sustainable utilisation of thorium
within the Department of Atomic Energy's initiatives. While
techniques such as ICP-MS provide excellent sensitivity, they
are infrastructure-intensive and less suited to rapid, on-site
screening.

In our newly published study, we report a dicarboxylated
tetraphenylethylene probe (TPE-DCA) that enables selective,
“turn-on” detection of Th*" directly in 100% water via
aggregation-induced emission (AIE). TPE-DCA is weakly
emissive when molecularly dispersed. Upon Th* coordination
to its carboxylate groups, charge neutralization and
coordination-driven cross-linking trigger aggregation, restrict
intramolecular motion, and switch the fluorescence “on”. This
produces an ~180-fold emission enhancement at 490 nm.
The sensor operates near neutral pH (*5-6) and achieves a
detection limit of 11 nM (=3 ppb), well below the WHO
guideline value for drinking water (245 ppb).

The probe shows negligible interference from competing ions,
including lanthanides and uranium, and performs robustly in
tap water, lake water, and undiluted seawater. Mechanistic
validation using steady-state and time-resolved fluorescence,
UV-vis absorption, FTIR, dynamic light scattering, SEM-EDS,
and DFT calculations confirms Th-carboxylate coordination
and nanoscale aggregate formation. Overall, this water-only
AIE platform provides a simple, field-relevant strategy for
routine thorium monitoring and a transferable design
principle for actinide sensing in complex aqueous matrices.
Because the response is a clean fluorescence turn-on in a
cuvette-friendly format, it is readily compatible with compact
fluorimeters or mini-spectrometers for on-site screening.

Figure: Schematic representation of Th(IV)-induced aggregation of TPE-DCA and
the molecular structure of TPE-DCA (Small, 2025, DOI: 10.1002/smll.202508399).

Reference:

M. Ghosh, S.S. Kadlag, K. K. Swain, A. Ghosh, A. K. Sahu, P. K. Singh*, “Bright and
Selective: A Dicarboxylate-Functionalized AIE Sensor for Th* in 100% Water with a
Sub-ppm Level Sensitivity”, Small (2025), DOI: 10.1002/smll.202508399.

About the author...

Dr. Prabhat K. Singh is currently working as a
Scientific Officer/G at Radiation and
Photochemistry Division, Bhabha Atomic
Research Centre (BARC), Mumbai, India. His
research focuses on ultrafast spectroscopy,
supramolecular chemistry, and self-assembled
materials for optical bio- and chemosensing. He
has authored about 150 peer-reviewed
publications, with an h-index of 40 and
approximately 4400 citations. He received gold medals from the
University of Burdwan and BARC Training School, the HBNI Best
Thesis Award, and young scientist awards from DAE, ISCA, and NASI.
His distinctions include membership of INYAS and GYA, TWAS Young
Affiliate, FRSC, FRSB, INSA Associate Fellowship, and fellowships of
the Indian Chemical Society and Maharashtra Academy of Sciences.
He is also a member of the IUPAC National Committee and ORCID
Research Advisory Council.
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Investigation of Non-Contact Bacterial Inactivation

at 10 mm Distance

Using an Indigenous Cold Plasma Device for Plasma Medicine

Vishakha Bende'?, Vandan Nagar*®, R. L. Bhardwaj’, J. P. Nilaya**and Rajib Kar™*
‘Laser & Plasma Technology Division, Bhabha Atomic Research Centre, Trombay, Mumbai-400085, India

’Homi Bhabha National Institute, Anushakti Nagar, Mumbai-400094, India

°Food Technology Division, Bhabha Atomic Research Centre, Trombay, Mumbai-400085, India

old atmospheric pressure plasma (CAPP) is a

promising antimicrobial technology, though its

bactericidal mechanisms are not yet fully

understood. An indigenous Tesla coil-based

CAPP device was developed from first principles
and evaluated against Gram-positive Staphylococcus
aureus (S. aureus) and Gram-negative Escherichia coli
(E. coli) using Ar, Ar-O, Ar-N, and Ar-dry air (3:1) gas
compositions at a 10 mm treatment distance. Optical
emission spectroscopy identified key bactericidal species
including OH (~309 nm), N SPS (~337 nm), and Ol
(~777.4 nm), while electron microscopy confirmed plasma-
induced cellular damage. Spectroscopic analysis quantified
H O, OH radicals, UV radiation, and O . This work is recently
published results (Vacuum 239 (2025) 114393) showed
that pure Ar plasma, possessing the highest electron
temperature and density, generated maximumH O and UV
radiation, achieving complete inactivation of both bacterial
strains at 10 mm distance. The study further revealed
greater resistance of E. coli due to its protective outer
membrane, while HO was found to play a crucial role in
bacterial inactivation through oxidative stress and
intracellular OH generation via the Fenton reaction.
Efficient non-contact sterilization at 10 mm highlights its
strong potential for remote sterilization and biomedical
applications, enabling treatment without thermal or
electrical discomfort while offering significant advantages
for maintaining sterile environments in healthcare and
industry.

About the author...
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Dr. Rajib Kar is a Scientific Officer-G at the Laser & Plasma Technology Division, Bhabha Atomic Research
Centre (BARC). His research focuses on non-thermal plasma applications, diagnostics, and development
of novel atmospheric pressure plasma systems. His areas of interest include plasma medicine, plasma
synthesis of carbon nanostructures, cold plasma-based decontamination, and plasma diagnostics using
electrical probes and spectroscopy. He has published 93 research papers in reputed international journals
and conferences, contributed book chapters for Elsevier, Springer, and BARC-SIRD publications, and

erves as a reviewer for several international journals. His work has also led to technology transfer of a

Cold Plasma Sterilization Device and the Indigenous Cold Atmospheric Pressure Plasma System: 10 MHz

(ICAPPS-10) for scientific and industrial applications.
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Participants to the 48th Meeting of National Representatives of the

IAEA-RCA Programme, hosted by DAE in Navi Mumbai, from May 19-22; 2026.

India Assumes Chairmanship for 2026

Dr. Tirumalesh Keesari and SIRD Editorial Team

Atomic Energy Agency’s (IAEA) Regional Cooperative

Agreement (RCA) for 2026, reaffirming its longstanding
commitment to strengthening regional cooperation in the
peaceful applications of nuclear science and technology.
The Chairmanship was formally handed over by the
outgoing Chair, Fiji, during the 48" Meeting of National
Representatives (NRM) of the IAEA-RCA Programme, hosted
by the Department of Atomic Energy (DAE), Government of
India, in Navi Mumbaifrom May 19-22, 2026.

The meeting brought together National
Representatives, scientists, technical experts, and officials
from all 22 RCA Member States across the Asia-Pacific
region. In a first-of-its-kind move, representatives from the
African Regional Cooperative Agreement (AFRA) and the
Forum for Nuclear Cooperation in Asia (FNCA) also
participated, providing an important platform for wider
scientific dialogue and enhanced inter-regional
collaboration. Discussions focused on current and future
RCA initiatives in healthcare, nuclear agriculture and food
technology, water resource management, radiation
technologies, environmental sustainability, and human
resource development.

India assumed the Chairmanship of the International

Addressing the inaugural session, Mr. Vivek
Bhasin, Director, Bhabha Atomic Research Centre,
highlighted India’s achievements in applying nuclear
science and technology for societal and industrial
development, particularly in healthcare, agriculture,
radiation processing, water management, and
environmental protection. Mr. Rajeev Keswani, Head,
Nuclear Controls & Planning Wing, DAE, underscored the
importance of regional scientific cooperation in addressing
shared developmental challenges and reaffirmed India’s

49 ¢» BARC Newsletter May-June

commitment to collaborative progress across the Asia-
Pacific.

As the incoming RCA Chair and India’s National
Representative, Mr. P. K. Sharma outlined priorities for the
year ahead, including strengthening the regional cooperation
framework, advancing new project proposals, supporting the
activities of the RCA Regional Office, and preparing for the
70" IAEA General Conference. Welcoming the delegates,
Shri Sampathkumar Raghunathan, National Liaison Officer
(NLO), reflected India’s tradition of hospitality through the
ethos of Atithi Devo Bhava.

A key outcome of the meeting was the consideration
of fourteen concept proposals for the 2028-29 RCA
programme cycle. Recommendations of the RCA Technical
Advisory Panel (TAP) were presented by Dr. K. Tirumalesh,
Scientific Officer-H, Isotope and Radiation Application
Division, BARC who served as TAP Lead and was commended
for guiding the panel towards a shared consensus.

Delegates also visited the Advanced Centre for
Treatment, Research and Education in Cancer (ACTREC),
where Dr. Ajit Kumar Mohanty, Chairman, Atomic Energy
Commission and Secretary, DAE, presented commemorative
mementoes reflecting India’s cultural heritage. The
programme included an exhibition on the non-power
applications of nuclear technology and a visit to the
Chhatrapati Shivaji Maharaj Vastu Sangrahalaya in Mumbai.

Guided by the vision of Vishwa Bandhu Bharat and
the theme India by Your Side, India’s RCA Chairmanship
reflects its commitment to fostering regional partnerships
and advancing sustainable development through the
peaceful applications of nuclear science and technology.
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he Bhabha Atomic Research Centre (BARC) showcased its research and

development in radioisotopes during the National Science Day (26-28

February) and National Technology Day (I 1-13 May) celebrations, themed

‘Radioisotopes in Medicine’. The events introduced students to the role of

radioisotopes in affordable diagnosis and treatment to meet India’s growing
healthcare needs. The contributions of BARC to radioisotope production and
radiopharmaceutical development was highlighted during the programs. DAE remains
India’s largest supplier of radiopharmaceuticals for disease diagnosis and therapy.
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Held at the Central Complex Auditorium, Trombay, and the DAE Convention Centre,
Anushakti Nagar, the programmes engaged 600-700 students daily through lectures,
exhibitions, quizzes, audio-visual presentations, and guided tours to facilities. Dr. Sudeep
Gupta, Director of Tata Memorial Centre, and Prof. Dr. Ravindra Dattatray Kulkarni, Vice
Chancellor of the University of Mumbai, were the chief guests for the National Science Day
and National Technology Day programmes, respectively. The Radiochemistry and Isotope
Group (RC&IG) coordinated the events with support from other science, technology, and
engineering groups at BARC.
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Bhabha Atomic Research Centre ( (BARC)
continues to foster industry collaboration by
transferring emerging nuclear spin-off °
technologies and associated know-how
besides stimulating rural éntieprentership. The
Centre Is also accelerating efforts to incubate
deep -tech startups in high-priority domalns
ical to sustained economicg - - -




By Technology Transfer & Collaboration Division and SIRD Editorial Team

Technology Streamlining & Transfer

ol

) Y

BARC continued to streamline indigenous technologies for
public and industrial applications by introducing new
innovations with applications in agriculture, advanced
technology, metallurgy, quality assurance, healthcare, and
nutrition. During the review period (May-June 2026), one
new technology was placed in the public domain:

News & Events

! '
May

June

e Probiotic Condiments (Spicy Green Coconut, Sweet & Sour

Dates) (AB68FTD): This plant-based, ready-to-eat probiotic technology provides

e a convenient, dairy-free alternative to conventional probiotic products.

o Designed to promote gastrointestinal health and overall well-being, the

technology combines traditional Indian condiments with functional nutrition,
offering industry an innovative value-added product for commercialization.

Incubation & Startup Ecosystem

AIC BARC Anushakti

Foundation, supported by the Atal

Innovation Mission (AIM),

continued to strengthen the deep-

tech innovation ecosystem

through startup incubation,

technology commercialization,

and industry engagement. As co-

organizer of the Research

Scholars’ Summit on Employment, Entrepreneurship &

Startup Opportunities, AIC ANUSHAKTI showcased

BARC’s lab-to-land tech translation initiatives and

incubation programmes while facilitating interactions
among researchers, startups, industry, and academia.

As part of the DAE Incubators’ Alliance, AIC
ANUSHAKTI supported the launch of TECHATHON 2.0, a
national-level deep-tech innovation challenge
promoting mentoring, incubation, and
commercialization of promising technologies.

The incubation ecosystem was further
strengthened through approval of incubation policies,
onboarding of new deep-tech startups, and
constitution of a task force for publication of new BARC
technologies. During the Technology Transfer &
Incubation Ceremony held on 24 June 2026, 14
technology transfer agreements and 2 incubation
agreements were signed, while the successful
incubation of M/s. Gir Gau Krushi Jatan Sansthan,
Rajkot, for commercialization of NISARGRUNA-based
products was also recognized.

AIC ANUSHAKTI further expanded its outreach
through strategic engagements with Atal Innovation
Mission, participation in national innovation
programmes, and presentations before Department of
Atomic Energy leadership on strengthening technology
translation and the DAE incubation ecosystem.

Rural Tech Entreprenuership

AKRUTI Kendras continued
to promote rural
entrepreneurship and
sustainable livelihoods through
awareness programmes, tech

- a— prog

demonstrations, skill

/ / development, and institutional

collaborations. During the

review period, students, entrepreneurs, SHGs,

government officials, and industry representatives

participated in exposure visits, workshops, and

training programmes on DAE-BARC technologies,

including food processing, food preservation, and
Rapid Bio-Composting.

On the occasion of World Environment Day,
AKRUTI Kendra in Tarapur organized the
Sustainability Entrepreneurs’ Felicitation
Ceremony, recognizing entrepreneurs who
successfully adopted BARC technologies for
sustainable livelihood generation. During the
Technology Transfer Ceremony on 24 June 2026,
entrepreneurs showcased commercially launched
products based on licensed BARC technologies,
including Foldable Solar Dryer, Ready-to-Eat Fruit
Cubes, Low-GI High-Fibre Wheat Flour, Gluten-Free
Multigrain Pre-mix Atta, Rapid Compost, Soil
Testing Kit, and Jamun Strips.

AKRUTI Kendra-MGU strengthened
academic outreach through internship
programmes, institutional visits, and
entrepreneurship lectures for university students,
while AKRUTI Kendra-BLDEASSM showcased BARC
technologies at the 2nd Vision Karnataka
Exhibition, reaching over 5,000 visitors and
receiving an award for excellence in technology
dissemination and promotion.
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